
nIL 37376

0°o

PHTSICO-CPZMICAL FACTORS AFFECTIE HYDROTHERMAL RESISTANCE
AND BONDING OF POLTMERIC COMPOSITES TO STEEL SURFACES(0

o FINAL REPORT

cn
CO T. Sugara, L. I. Kukacka, N. I. Carciello, and J. B. Warren

<I DTIC'
November 1985 fl- LECTE

Prepared for the
U.S. Army Research Office
P.O. Box 12211
Research Triangle Park, NC 27709

OTSTnBUTOm BTATEmmW A
* DEPARTMENT OF APPLIED SCIENCE

PROCESS SCIENCES DIVISION

BROOKHAVEN NATIONAL LABORATORY

UPTON. LONG ISLAND. NEW YORK 11973I I Ii I I II•••••••••••I•••••••••• •••••••••!•••••• it••• 11 III 1111



/

PHYSICO-CHEMICAL FACTORL AFFECTING HYDROTHERMAL RESISTANCE
AND BONDING OF POLYMERIC COMPOSITES TO STEEL SURFACES

FINAL REPORT

T. Sugama, L. Z. Kukacka, N. R. Carciello, and J. B. Warren

November 1985

Prepared for the
U.S. Army Research Office

P.O. Box 12211
Research Triangle Park, NC 27709

Meyer Steinberg

PROCESS SCIENCES DIVISION
DEPARTMENT OF APPLIED SCIENCE

BROOKHAVEN NATIONAL LABORATORY
UPTON, NY 11973

This work was performed under the ausplces of the
U.S. Department of Energy, under contract No. DE-ACO2-76CH00016,

and supported by the U.S. Army Research Office Program MIPR-ARO-62-82,
ARO-155-83 and ARO-139-64



MASTER COPY FOR REPRODUCTION PURPOSES
!N(~T A_~T VT VTI

SECURITY CLASSIFICATION OP THIS PAGE (Wrta Dae KRI£M0

REPORT DOCUMENTATION PAGE 3InE C7 M -TV FORM
'. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT*S CATALOG NUMBER

/b19 gI7.ftr N/A N/A
4. TITLE (and Swb"Oed) S. TYPE OF REPORT & P914OO COVERED

Final
PHYSICO-CHEMICAL FACTORS AFFECTING HYDROTHERMAL August 82 - July 85
RESISTANCE AND BONDING OF POLYMERIC COMPOSITES 4. PERFORMING ORG. REPORT MUMNER

TO STEEL SURFACES BNL 37376
7. AUTHTOR(*) S. CONTRACT OR GRANT NUMN5E~')

T. Sugama, L. E. Kukacka, MIPR-ARO-62-82, ARO
• N. R. Carciello, and J. B. Warren 155-83, and ARO-139-84

5- PERFORMING ORGANIZATION NAMe ANO AOORWSS 10. PROGRAM ELEMENT. PROJECT. TASK

Associated Universities, Inc. AREA & WORK UNIT NUMBERS

Brookhaven National Laboratory
Upton, NY 11973

11. CONTROLLING OFFICE NAME AND ADOMRSS 12 REPORT CATE

U. S. Army Research Office November 1985

Post Office Box 12211 IS5 NU1MOFPAGES
Rpqpnrrh Tr1311 p ,-l •JE _ _ _ _ _ _

I4. MONITORING AG&NCamAME & AOOaRE.5wS(li bWeea( 1 CmeeUq Off.eo) is. SECURITY CLASS. (of t&we repm)

Unclassified

|S.. OICLASSIFICATIONI/DOWNGRNAOING
SCHEDULE

I•. DISTRIBUTION STATEMENT (of tWe Report)

Approved for public release; distribution unlimited.

17. OISTRIUUTION STATECMENT (.1 the ahm. m~ud La la'h IfdlD ftute -m Rt)

NA

I1. SUPPLEM"TARY NOTES

The view, opinions, and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy, or decision, unless so
riphc•par•d hy nrhor dnrnnm~nrnrjnn

III. KEY WOROS (Cetafmeau an m~roo add& It aa'..inpr dmE 0604pWH ' by 6t 01411060)

Ca-complexed methylmethaerylate ionomer Interfacial interaction
Hydrothermal stability Functional polymers
Hydrated calcium-silicate macromolecules Zinc phosphate conversion precoat
Stiffness Cold-rolled carbon steel
Adhesion Polyelectrolyte macromolecule

A CaO-SL0 2-H20 macromolecular-ionomer complex vwa found to be formed in the
superficial layers of MMA-T1P`TMA copolymer composite films made with filler con-
tainung hydraulic cement during exposure in an autoclave at temperatures up to
2000C. This superficially formed complex in terms of self-healing protective
layers, acted to prevent the hydrothermal deterioration of the original composite
films, vhich is important if the films are used as protective layers on metals.

JIl, l 7*" 1473 eamTIO OP | 9oV mo e Is O aLTi U`N. CLASSIFIED



secumTy CLASSIFICATION OF THis 0O9AG, Da.te 9~80

20. ABSTRACT (continued)

tn studies of the interfacial interactions between functional polymers
containing carboxylate and carboxylic acid groups and crystalline zinc phos-
phate conversion precoats deposited on 9old-rolled carbon steel surfaces, it
was found that the surface topography of crystal precoats, which are charac-
terised by the presence of a dendritic microstructure array of interlocking
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forces associated with the anchoring of the polymers yielded by penetration
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the precoats. The maegitude of the mechanical bond was primarily responsible
for the development of the Interfacial adhesion forces, whereas, the forma-
timo of weak chemical bonds such as a hydrogen bond or acid/base interactions
occuring between the functional groups in the polymers and the crystallized
H20 molecules or polar OH groups on the precoat surface sites had little
effect ou the adhesion strength.

When high-strength cold rolled stoels having carbon concentrations rang-
ing from 0.05 to 0.2%, were immersed Into zinc orthophosphate dihydrate-based
pbosphating solutions, a high quality *inc phosphate (Zu-Ph) conversion
precoatLng was produced. The precoat, which consists of a uniform array of
large and thick crystals, can be deposited on the substrate surfaces. The
magnitude of improvement in the corTosion-LihibitLng ability and mechanical
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thickness, fineness and density of the coating layers. The introduction of
polyelectrolyte macromolecules into the phosphating liquids was found to be a
very effective method for Improving these characteristics. Adsorption of
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prevented the crystal growth of Zn*Ph. This was due to the segmental
adsorption of more randomly coiled-up chain.. to addition, the organic com-
posites at the outermost surface sites on the crystal act to promote the
adhesion with polymeric topcoat systems by the formation of organic-organic
chemical bonds, thereby enhancing the bond durability of the Zn.Ph precoat-
to-polymer topcoat adhesive Joints.
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SUMMARY

2 The failure upon exposure to hydrothermal conditions of most conven-

tional polymers .,ontaining functional groups in which any two atoms se-

lected from N, 0, and S are joined to the same carboa atom, is generally

due to 1) high segmental mobility of molecular chains, 2) low thermal

relaxation of the polymers, 3) an increase in hydrophilic groups, and

4) low dynamic meechanical properties. Each of these factors must be con-

sidered in attempting to provide the total protection needed for long

service lift in hydrothermal environments. Therefore, the phyjico-chemi-

cal factors that determine the hydrothermal stability and the bonding

characteristics of inorganic macromolecule-ionomer composite films hkkya-
been investigated.

A CaO-SiO2 -H2 0 macromolecular-ionomer complex was found to be formed
in the superficial layers of HMA-TMPTMA copolymer composite films made

with fillers containing hydraulic-type calcium silicate admixtures during

' exposure in an autoclave at temperatures up to 2000C. This complex acted

in terms of a self-healing protective layer to prevent the hydrothermal

... deterioration of the original composite films, which is important if the

"films are used as protective layers on metals. This complex also contri-

buted significantly to hydrophobicity, a low energy surface, and leas sur-

fact roughness, thereby lowering the intrinsic water permeability of the

films. The glass transition temperature, Tg, and the tensile strength of

the complexed films increased with increasing concentration of the cement

additive used as a source of Ca2+ metallic ions, but they decreased when

the hydraulic admixture concentration became excessive because of the

chain enlargement caused by the growth of a large quantity of hydrated

macromolecules.

Since one of the main factors affecting the durability of protective

* coatings is the adhesion force to the substrate, it is very important to

clearly understand the nature and role of the adhesion mechanisms and how

chey affect the interactions and interplay at the functional polymer-to-

metal interface regions. Also, the surface preparation of the substrate
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appears to pt.ay a keying role in enhancing the interfacial adhesion force

at polymer/metal joints. Hence, this study emphasized the elucidation of

adhesive mechanisms for two functional polymers, polyacrylLc acid and

lewuliulc acid-modified Euran, when applied to cold-rolled carbon steel

"surfaces pre-treated with phosphatir4 solutions. The nork entailed

studies of the mechanical and chemical interactions occurring between the

*" functional polymers and crystalline iron (111) ortbopboephate dihydra t . or

zinc phosphate hydrate (hopelte) conversion precoats that were deposited

on the steel surfaces.

The typical surface topography of the higbgly crystallized zinc phos-

phate films was found to be characterized by the presence of a dendritie

-" microstructure array of Interlocking triclliic crystals. This structure

acts significantly to develop mechanical interl~ckiag bonds with the

functional polymer, which penetrates into the open surface structure of

the films.

Studies of the Interfacial chemical reactions indicated that the con-

formation changes in the polyacrylic acid macromolecules relate directly

to the frequency of the magnitude of acid/base &ad change transfer inter-

"actions between the proton-donating pendent COON groups In polyacrylic

acid molecules and the polar 0N groups at hydrated precast surface sites.

The presence of amerous free aucleophilic loan existing on the deposited

precoat film leads to a substrantial increase in the coil-up and entangle-

ment macromolecule density. These entangled complex sacromolecules at the

interfaces resulted In a decrease in the degree of chemisorptiom at the

Sprecoat surfaces, whereas regularly oriented COOK groups produce strong

interfacial chemisorptiou with the polar groups. When the polarized furan

polymers spread on the zinc phosphate surfaces, the carboxylate groups

derived from the levullnlc ester and acid molecules react to form hydrogen

bonds with the crystallized H20 molecules on the hopeite film. This for-

mation of hydrogen bonding was shown to be a major factor affectinag the

chemical Intermolecular attractions.

.r2
i-. -2-
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"From the studies of the iuterfacial bond mechanisms at functional

polymer-to-crystalline conversion pvecoat joints, it -as confirmed that

the mechanical interlocking bond is primarily responsible for the derelop-

meat of interfacial adhesion forces. The formation of hydrogen bonds and

acid/base interactions, which are categorized a weak chemical bonding

systems, is likely to have little effect on the advanced adhesion forces.

This information msggested that successful bonding can be attributed to

the following four elements: (1) mechanical interlocking associated with

the surface topography of metals, (2) surface wettabilLty of metal by the

polymers, (3) strong chemisorption, and (4) type and degree of polymer-

metal interfacial interaction.

When water-soluble polyacrylic acid (PAA) macromolecules are intro-

duced into zinc phosphating liquids, significant improvements in the yield

of conventional zinc phosphate conversion films deposited on carbon steel

surfaces aTe ohtained. The improvements include controllability of crys-

tal dimensions, degree of crystallinity, and coating weight. The conver-

sion layer formed is a composite microstructure consisting of a bulk PAA

polymer and complexed PAA continuo8sly overlaying a uniform array of fine

dense zinc phosphate crystals. Interfacial studies of the composite layer

using Infrared spectroscopy, energy-dispersive x-ray spectrometry associ-

ated with scanning electron microscopy, and x-ray photoelectron spectros-

copy Indicated that the functional uarboxylic acid groups in the PM

* ,molecules were strongly chemisorbed by the Zn atoms at the outermost sur-

face sites of the crystal layers. The intermolecular bridging action of

Sthe surface Zn atoms which c.O'ct the PAA and the zinc phosphate crystal

layers results in good adLesion at the PAA-crystal interfaces. The pre-

sence of the organic composites at the outermost surface sites on the

crystal acted to promote the adhesion with polymeric topcoat systems by

the formation of organic-organic chemical bonds, thereby enhancing the

bond durability of the Zn.Ph precoat-to-polyser topcoat adhesive joints.

Adsorption of polyelectrolyte segments with molecular weights ranging from

90,000 to 250,000 on the Zu*Pb crystals plays a key role tn increasing

the stiffness and flexibility of the layers and in advancing the crystal-

line reorganization. The addition of material with molecular weight

ee-3-



>250,000 completely preventeJ the crystal rowth of Zn.Ph. This was due

to the segmental adsorption of sore randomly coiled-up chains. In addi-

tion, the protective polymer topcoat overlaled on the complex precoat sur-

faces increases the flexibility of the crystalline precoat itself. The
S

most important factors controlling the flexibility of the precoat were low

elastic modulus, high tensile strength, and elongatLor of the topcoat sys-

tems. These characteristics are more important than. the magnitude of In-

terfacial adhesive bonds at topcoat/precoat joints.

I. INTSODUCTION

Ca2 + ion-complexed poly*e thylmethacrylate (Ca-PHNA) LoUomer compos-

I teas have been studied earlier1 . The composites contain hydrated calcium-

silica (CaO-SiO2 ) compounds and are formed by ionic reactions between

divalent Ca ions released from CaO-SIO2 grains and carboxylate anions

"(COO) yielded during the hydrolysis of functional pendent carboxyl groups

in MUA upon exposure to hydrothermally aggressive environments. In the

presence of hot water, the hydraulic inorganic CaO-SLO2 grains are pro-

gressively converted into highly crystallized macromolecules 2 . These

m..romolecules are produced in the vicinity of amorphous lonomer chains,

"and thereby restrict the segmental mobility of the molecular chains. This

leads to a molecular configuration having a low segmental Jumping fre-

quency, which results in minimum permeability, good adhesion to metallic

"surfaces, and excellent hydrothermal stability. A more recent study

indicated that the enhancement of the hydrothermal stability of the com-

posits depends strongly on three characteristics of the CaO-SiO2 -H2 0 sys-

teo macromolecules formed within the polymer matrices 3 : 1) the morpho-

logical features and orientation of microcrystalline formations which

act to reinforce the polymer matrices, 2) the mechanical strength of the

crystallized compounds, and 3) the space-filling properties of the macro-

molecules, which form a dense agglomeration of filled matrix. From

these observations, it was concluded that the hydrothermal stability of

CaO-SiO2 -H 2 0 systems formed during hydrothermal exposures at >100°C ts

due not only to the degree of crystallization and the shape of the

-4-
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microcrystal structure, but also to the relatively high quantity Of S102

molecules exisitug In the hybrid hydration macromolecules. The results

suggested that, when an anhydrous C&0-SLO 2 compound powder is to be used

a a reactive filler with polymer blends, a hydraulic cement having a low

mole ratio of CaO/Si0 2 should be employed.

The above findings indicate that the composite system can be utilised

"as a protective coating for metal surfaces exposed to hydrothermal erti-

ronments. The coating protects the metal substrate from corrodinS primar-

ily by two mechanisms: (1) serving as a barrier for the reactants, water,

oxygen, and ions, and (2) serving as a reservoir for corrosion inhibitors

that assist the surface in resisting attack. Failures of nost convention-

al polymer films during exposure to aggressive hot water environments are

likely to be due to 1) high segmental mobility of molecular chains, 2) low

thermal relaxation of the polymers, 3) increasw in hydrophilic groups, and

4) low dynamic mechanical properties. Each of these factors must be con-

sidered in attempting to provide the total protection needed for long ser-

vice lift !n hydrothermal euvirotments. Therefore, the first objective in

this study was to Investigate the physico-chemical factors that determine

the bydrothermal stability and the bonding characteristics of Inorganic

macromolecule-ionomer composite films. These factors include the degree

of polymer-filler interactions, thermodynamic properties, water transport

properties, mechauical behavior, morphological features of the film sur-

faces, surface free energy, Interfacial adhesive strength, wetting be-

haviov, and spreading kinetics.

Since adhesion it one of the main factors affecting the durability of

protective coatings on metal substrate surfaces, the second objective was

to study these processes. It is very important to understand the nature

of the adhesion mechanisms and how they effect interactions between func-

tional polymers and metal surfaces. The effects of functional carboxylic

acid (COOH) groups located in the pendent of polyacrylic acid (PAA), on

ionic reactions and adsorption are of primary interest in understanding

the fundamental adhesion mechanisms between p"Lar oxide metal surfaces and

functional polyacid macromolecules. The PAA molecule which is generally

-C-.

e,



expressed as a polyelectrolyte macromolecule is characterized by a simple

chemical structure consisting of a stabilized hydrophobic main chan

(-C12-CH-)n and the hydrophilic pendent (COOK) groups. Several sicudiea of

the reactions betweeu ions and polyelectrolyto macromolecules have been

made, using spectroscopic and polarographic techniques c.ad with ;d titra-

tion curves.4- 8  Other reports dealiug with polymer adsorption in which

the adsorbed segments interact '.a the surface layers have emphasized

theoretical studies. 9-L3

Recently, the ability of polyacid to function ac an adhesive at an

ionic interface was investigated by using Fourier Trarsform IR Spectros-

copy techniques. 1 4 This study emphasized that the degree of neutralized

polyelectrolyte macromolecule conformation results in a fraction of bcund

segments on the adsorbed molecules. Hence, in the present work we have

made a systaneati assessment of how the adhesive and adsorption meehanlnms

at the polyelectrolytu macromolecule-treated oxide metal interfaces affect

the interfacial bond strength and the role of the interface in adhesion

processes. This elucidation of the interfacial anteraction mechanisms

will provide the ability ro utilize polyelectrol-to macromolecules as an

adhesive and a coating.

To assist in the elucidation of the adhesion mechanisms at the poly-

mer-metal intert-eLal Joints, the nature of the interaction between levu-

linic acid-modified furan polyxar and oxidized metal surfaces waa also

explored. When the furan resin is applied as a protective coating to

etal surfaces, it is presumed that the reactivity of the functional levu-

linic eater will result in great improvements in the botd!ug forces at the

furan-metal interfaces. Since the number of levulinic eater configura-

tions in the furan actromolecules can be controlled, 1 5- 1 7 the chemical

affinity of COOII groups tor the oxide films offers the potential for pro-

duclig furan coatings which possess strong chemical activity.

The ideal modification of the furan polymers to obtain a high inter-

facial band at the polymr-oxidized metal boundary would be to incorporate

an adeuate amount of levulinic acid reagent to interact with the methylol

groups in alpha positions on neighboring furan rings to form a methyleae

"-6-



brf.dged polyconJensate. Accordingly, an aim in the present work was to

"understand the iundamental physLco-chemical factors needed do design levu-

linic acdi,-modified furan coatings which will have strong bonling forces

with crytalline zinc phosphate hydrate films deposited on metal substrate

surfacea,.

On the other hand, crystalline zinc phosphate (Zn.Ph) conversion

precoats deposited on carbon steel surfaces play an important industrial

role in upgrading the :orrosiou resistance and coating adherence proper-

ties of substrate materials, and phobphating processts have been used for

this purpose for decades.

Conventional Zn-Ph conversion crystals are formed by dipping steel

plates in a phosphating solution which is composed of zinc oxide (ZnO) and

phosphoric acid (H3PO4) as the major chemical constituents, and distilled

water. The surface roughness of the crystalline ZnuPh precoating acts

"to enhance the magnitude of wettability and spreadability of the liquid

resins, thereby increasing the degree of the mechanical interlocking bonds

at the polymer-ZnoPh interfaces. In addition, the formation of highly

dense Zn-Ph crystals contributes significantly to the corrosion resist-

ance of the steel substrates. ror maximum effectiveness, the ZunPh pre-

coating should be impermeable since it could provide corrosion protection

in the event that the polymeric topcoat is damaged or delaminates. It has

been determined thac the chemical constituents of the steel substrate upon

which the conventional zinc phosphatiug formulation is placed, play a key

role in forming high quality ZnuPh coatings. In particular, a surface

having a high carbon concentration impedes the formation of the Zn-Ph

coating. Low zinc and phosphorous levels at high carbon areas result in a

porous structure and poor bonding to the substrate. These characteristics

lead to a higher oxygen and moisture availability at the substrate surface

and promote a cathodic delamination reaction as follows:

H20 + 1i2 02 + 2e 2 OH'.

The generated hydroxyl ions (OH') induce an alkaline condition which

causes delaminatioc at the precoat/substrate interfaces. The solution

to this problem is to apply the ZnO-based phosphate solution onto steel

-7-



surfaces containing a low carbon content. The micro-tructure and thickness

of the conversion layers play major roles in restraining physical deforma-

tion failures of the Zn-Ph layers. Increased thicknese results in in-

creased brittleness, thereby, enhancing the potential for failure during

flexure or other deformation. A thin uniform array of fine dense crystals,

which is flexible, is needed to yield the optimum precoating system.

The incorporatiou of organic materials in the zinc phosphating liquid

as a method for improving the stiffness, the flexibility, and the moisture

imper-meability of crystalline films appears possible. The proton-donating

COOH groups in polyacrylic acid (PAA) which can be expressed in terms of

polyelectrolyte macromolecules undergo an ion-exchange reaction with the

free metallic 'ons in an aqueous medium. The active high-valency metallic

ions contribute to the formation of inter- and intramolecular cross-linking

of the polyelectrolyte macromolecules due to the salt bridge- structure which

replaces wo hydrogens In the COOH groups located in the pendent of PAA.

The nature of the ion-polyatnon reaction mechanism suggests that the addi-

tion of a high molecular weight PAA may be very effective in controlling the

deposited crystal size. 18 "2 0 When the polyelectrolyte macromolecules are

added t :,, T zinc phosphating liquids, it is assumed that acid-base and

charge transfer interactions will occur between the COOH groups and the di-

valent Zn ions which are a major cheml'al component of the crystallized

Zn-Ph hydrate films. This chemisorbLng function of the COOH groups re-

sulting from this complex formation may serve to restrict crystal growth.

Therefore, the final objective in this study was to determine how the

polyolectrolyte macromolecule-containing zlnc phosphate conversion crystal

film, formed by treating the metal surface with the PAA-modified zinc phos-

phatiug liquid, contributes to the improvement in the controllability of

crystal thickness, the wettability by liquid resin, and the adherent proper-

ties to polymeric topcoat systems. The presence of organic polymers in the

conversion films is expected to result in a film which will act in a manner

similar to a primer for conventional polymer topcoatings. Expected primer

formations may display an ability to promote the bonding forces at the con-

posite film - polymeric topcoat interfaces.

-8-



In an attempt to accoplish the three objectives described above,

fundamental studies of the physico-chemical factors affecting the hydro-

thermal resistance and bondirg of polymeric composites to steel surfaces

were initiated in August 1982 by Brookhaven National Laboratory (BNL) under

contract with the U.S. Army Research Office and completed at the end of July

1985. The work emphasized the fundamental understanding of the principles

governing the formation and aechaoisas of stable adherent protective coat-

Lngs on steel substrates. The technical feasibility for the surface modi-

fication and tailoring of a given substrate to achiive certain desired

characteristics was also appraised.

In order to achieve the program goals within the 3-yr contract period,

a detailed outline and schedule for the study was prepared. This is shown

in Figure 1. The Phase I study was performed within the first 12-mo and

focused on the self-healing protective mechanisms of composite coating sys-

tems consisting of polymethylmethacrylate (MMA) and oydraulic-type calcium

silicate compound fillers, under hydrothermal conditions up to 200 0 C, and

their physico-chemLcal characteristics. Surface oxide treatments for the

cold-rolled carbon steel substrates needed to achieve successful bonding

were also explored in this phase of the program. Based upon the fundamental

work conducted in TY 1983, the physico-cheiscal factors governing the nature

and role of the interfacial interactions between the functional polymers and

the chemi.cally oxidized metal surfaces were studied in Phase II which was

performed in FY 1984 and FY 1985. In Phaqe III, which was conducted during

FY 1985, emphasis was given to the modification of the crystalline Zn'Ph

conversion precoatings deposited on the metal surfaces, in order to signifi-

cantly improve the mechanical properties of the precoat layers, adhegcon

forces to the polymeric topcoat, and corrosion-inhibiting ability.

II. SELLF-HEALING TYPE IIETHTLMETHACRYLATE COMPOSMTE COATINGS

In protective systems in which a topcoat is overlaid on a substrate,

the most important factors for suppressing corrosion include, not only the

formation of high quality interfaces and strong interfacial attractions, but

-9-
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also the hydrophobicity and mechanical properties of the polymer topcoat

itself. It is well-known that the orgauLic polymers contalaing functional
0 0

groups, such as amines (- C - N -) esters (- C - 0 - ), and
%'.

acetals (- 0 - CH2O -), in which any two atoms selected from N, 0, 10

and S are Joined to the same carbon atom, are very sensitive to hydroly-

sis, particularly in hydrothermal environments. The polymer degradation

can be suppressed by increased coating thickness and by the presence of

calcLned-reactive fillers. The latter, in particular, offers the inter-

esting possibility of forming self-healing protective films. This react-

lye filler is characterized by the production of crystallized Inorgauic

macromolecules and dissociation of the divalent metallic ions from the

filler surfacea in an aqueous medium.

A. Materials

The methylmethacrylate (MfA)-based polymer system used as a film-

forming material consisted of a mixture of 57 wt% MMA monomer (duPont Type

EP-4160), 38 wtZ bead polyMMA (duPout Elvacite 2008) with a molecular

weight of -3x10 4 , and 5 wt% trimethylolpropane trimethacrylate (TMPTMA)

cross-linking agent (Satamar Co., Ltd.). This resin blend had a viscosity

of 217 cP and a surface tension (YyV) of 32.10 dyues/cm at 240C. Since

MMA-TMPTMA copolymers are glassy and brittle, the flexibility of the resin

over the temperature range of interest was enhanced by incorporating a

10 wt% dLbutoxyethyl phthalate (DBEP) plasticizer (C.P. Hall Company).

Polymerization of the plasticized MMA-TMPTMA resin was initiated by adding

3 wtZ benzoyl peroxide (BPO) of 98% purity and I wtX N,N-dimethyl-P-

toluidine (DMT) at an ambient temperature of 24 0 C. After mixing of all

the ingredients, the gel time of the resin was -10 min.

A commercial class J cement (Lehigh Portland Cement Company) was used

as a hydraulic-type reactive additive and a source of divalent metallic

cations. This type of cement is frequently used in the completion of oil

wells operating at temperatures >1100 C. Its chemical constituents were

L..i.



as follows: CaO 40.68%, S1O2 50.97%, A1203 0.86%, MgO 1.01%, Fe203 0.70%,

and S03 0.29%; loss on ignition was 4.75%. Class J cement is characteriz-

ed by its high silica content, which is needed to prevent strength retro-

gression at temperatures >1100C.

Silica flour filler, which is generally used as a pigment in organic

coatings, was used as a reinforcement in the films. The particle size of

both the cement and the silica flour additives was <200 mesh (0.074 mm).

To prepare the composite films, 50 parts of the initiated MHA-TMPTMA resin

different ratios of silica flour to cement (100/0, 90/10, 80/20, 70/3U,

50/50, and 30/70) were tested. After the two components were thoroughly

hand-mixed for -30 soc, filled composite films with a thickness of 25 to

33 mils were cast on polyethylene sheets with a casting knife and then

cured at room temperature for -2 hr.

B. Measurements

Meaiurements of the physico-chemical factors were done on film and

coated samples before and after exposure in an autoclave for up to 10 days I
at temperatures of 1000, 1500, and 2000C.

The glass transition temperature, Tg, of the polymer composites was

measured with a duPont 910 differential scanning calorimeter (DSC)

equipped with a DSC cell at a heating rate of 10lC/mLn under nitrogen gas

flowing at a rate of 50 mi/mn. The samples weighed 10 to 12 mg.

Tensile strength tests were done on dumbbell-like rigid composite

film samples 70 mm long and 5 - wide at the narrowest section. Stress-

strain diagrams were obtained with a tensile tester having a croeshead

speed of 0.5 mm/mmn. All strength values reported are for an average of

three specimens. The changes in weight of the films after exposure were

also measured as a function of time at the prescribed temperatures.

A Perkin-Elmer Nodel 257 spectrometer was used for infrared analysis.

The tests were performed by preparing KBr discs made by mixing 200 mg KBr

and 3 to 5 mg of the powdered samples that had been crushed to a size of

<0.053 sm. The spectra were run at an 8 min scanning rate over the range

of 4000 to 600 cm-l.

-12-



Contact angle measurements on the film and metal surfaces were made

with a Contact Angle Analyzer. All measurements were made at 60% R.H. and

240 C within 30 sec of drop applicat.ion. Surface tension measurements were

made with a Cenco-Du Nouy Ten3Lometer Model 70535.

Electrode potential aeasurements on metal plates (5.0 x 5.0 cm) coat-

ed with cement and salica-filled copolymer paints were made after exposure

for up to 25 days in an autoclave at 1500C in order to estimate the water

permeabilit~y through the coatings. Coatings of 10 and 25 all thickness

were tested. The coated and the base anode test plates were then immersed

in a 4% NaCI solution at 240C. The distance between the plates was 10.16

cm. A one vc.t potential was established across the plates and the re-

sultitig current flow measured.

Nicrostructure deformation of the film surfaces caused by hot water

attack was observed by scanning electron microscopy (SEM) and JEOL trans-

mission electron microscopy (TEN). The SEN samples were prepared by

depositing a gold film on the surface of composite films. SEN and TEN

examinations were also employed to identify the morphological features of

the hydration compounds formed on the amorphous polymer layers.

C. Results and Discussion

1. Glass Transition Temperature

High molecular mobility and segmental jumping frequency of the main

chains of an amorphous polymer, during exposure to hot water, is one of

the physico-chemical factors affecting the hydrothermal disintegration of

polymer films, caused by the chain scissions. It is therefore important

to investigate the magnitude of the segmental immobilLzation in terms of

the chain stiffness and the rigidity of the polymer molecules. Since the

glass transition temperature, Tg, is a second-order temperature which can

be regarded as the relaxation and motion of the major segments in the

backbone molecular chains of an amorphous polymer, 2 1, 2 2 the T. of the

polymer composites was determined as a means of estimating the degree of

segmental mobility of the polymer molecules.

-13-



The influence of the hydrated inorganic macromolecules on the stif-

fuess of the polymer chains was analyzed by comparing Ts values for the

plasticized MMA-TMPTMA copolymer films containing mixed fillers with

various ratios of siljca flour (S) to hydralic cement (C). Differential

scanning calorimetry (DSC) at a heating rate of 10OC/.in was used to de-

teriuine the Tg of the samples. Typical DSC thermograms showing the as-

s~ntial features for film samples containing S/C ratios of 100/0, 90/10,

70/30, and 30/70, after exposure in an autoclave to water at 150 0C for

24 hr (Figure 2) all have endothermic peaks between 570 and 69 0 C. The Tg

values were obtained from the endothermal peaks by finding the intersec-

tion point of the two linear extrapolations. The data indicate that use

of an optimum amount of cement In the mixed filler coisLsting of silica

and cement raises the T9 of the composite film after exposure to hot

water. Samples containing filler with a S/C ratio of 70/30 had a Tg of

63 0 C, -60C higher than that at S/C - 100/0. Since the segmental immobill-

zation of chains is directly related to an increase in TgS2 3 this appar-

ently verifies that the macromolecules formed by hydraulic reactions of

the cement in contact with hot water serve to restrict the segmental

mobility of the main chains. The slight reduction in Tg at a S/C ratio of

30/70 indicates that the optimum concentration of cement in the filler is

between 30 and 70%.

Tensile strength and Tg data, as a function of S/C ratio for the com-

posite films after exposure to water at 1500C for 24 hr, are given in

Figure 3. The T. rises with increasing cement content until it reaches a

maximum of 63.50C at a S/C ratio of 50/50.

The curve for the tensile strength of the film as a function of the

S/C ratio is similar to that for Tg. The data indicate that the strength

increases with S/C ratio between 100/0 and 70/30, and then decreases. The

ultimate strength, 1150 psi, for copolymer films with a mixed filler hay-

iLg an S/C ratio of 70/30 was -70% higher than that of films with a silica

flour filler lacking cement.

-14- .4'.
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Many recent investigatious2 4 26 have shown that the influence of

Ta behavior on filled polymers depends mainly on the segmental adsorption

and orientation of the main chains in the immediate vicinity of the filler

surface. These can result in strong filler-polymer interactions and

aggloweratin forces. Strong filler-polymer interfacial forces also con-

tribute to the euhancement of the mechanical strength of composite materi-

als. However, the newly produced formations at the interface between the

configurated macroeolecules and the polymer chains not only yield strong

agglomerations and chain entanglements but also are likely to produce Li-

creased interfacial stresses which result in chain enlargement occurring

along with the growth of the macromolecules. Therefore, the reductions in

film strength as the S/C ratio is decreased can be interpreted as being

due to extraordinary chain enlargement which exerts a "squeezing" force on

the larger macromolecules formed on the polymer layers. These high inter-

facial stresses can be reduced by the formation of microcracks between the

polymer matrices and the macromolecules. In fact, for copolymer films

containing a filler with a S/C of 30/70, and having a decreased Tg of

I 61.5 0 C, the tensile strength was down to 480 psi, which resulted in de-

formation and microcracking of the films. These results suggested that

the optimum amount of reactive cement must be used with the silica flour

in the filler to prevent film strength reduction due to squeezing

deformations.

The changes in weight of the composite films after immer'iiou in water

*. at 150 0 C for periods of up to 10 days were also measured (Figure 4). The

control samples (S/C - 100/0) showed weight loss throughout the exposure,i
up to -15% after 10 days; they also showed many blisters on their our-

* faces. In contrast, the films with mixed fillers containing cement and

* silica flour increased in weight. Samples with S/C - 70/30 filler in-

"" creased in weight rapidly over the first 24 hr, and then more gradually

for the duration of the 10-day exposure. This was due to conversion of

the cement grains in the copolymer matrix into hydrated cement compounds

based on the CaO-SLO2 -H 2 0 system during exposure to hot water. The film

* surfaces showed little or no blistering.
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Samples with S/C - 90/10 fillir, when exposed for 10 days to the hy-

drothermal euvironment, increased In weight for -3 days and then gradually

decreased, but they showed no evidence of deterioration. or corrosion.

2. Complex Mechanisms

Infrared (IR) absorption spectroscopy was used to elucidate the role

of cement additives as a means for improving the hydrothermal stability of

MMA-TMPTHA copolymer containing carboxyl groups (0-C-0-R) in the side

chains. To prepare the samples, films exposed to 200cC hydrothermal con-

ditions for 10 days were first dried in an oven at 100 0 C for 24 hr and

then ground to a particle size <0.0074 mm.

Earlier work1 , had shown that hydrothermal deterioration of polymers,

caused by the hydrolysis of a pendent carbcxyl group, can be restrained by

ionic cross-linking initiated by the strongly nucleophiLic Ca2+ ions re-

leased from cement during contact with hot water. A salt bridge consist

Ing of -COO"--- C2+---'00C complexed formulations, resulting from ionic

bonding between the Ca2 + ions and the carboxylate anions (COO-) from the

hydrolysis of carboxyl groups, has been confirmed by asymmetrical and sym-

metrical stretching vibrations at 1540 and 1398 cm" 1 in the IR spectrum.

In addition, a correlation between the reduction in absorbance of the car-

bonyl groups at 1710 cm- 1 and the increasing Intensity of COO(Ca 2 +) com-

plex groups e- 1540 and 1398 cm'- suggested the possibility of measuring

the rates of conversion to carboxylate anions. Accordingly, the degree to

which ionic Ca2+ complex salt formations affected the restoration of hy-

drothermal degradation was assessed on the basis of the shifts in IR fre-

quency and the changes in band intensity at 1710, 1540, and 1398 cm-1 .

The test results from these samples (Figure 5) show that the inten-

sity of the C00"(Ca2+) frequency at 1540 and 1398 cm" 1 increases as the

cement content of the filler increases. Conversely, the band of carbonyl

groups at 1710 cm-1 tends to shorten with growth of the COn'(Ca 2 +) bands.

These results verify that the carboxylate anions, produced by hydrolysis

of the pendent carboxyl groups in the copolymer molecules, are converted

into COO0(CaZ+) groups by the nucleophilic Ca2+ ions released from cement

o19-
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grains during exposure to hot water. Since an increment of salt bridge

formations per molecule results in an abundant supply of Ca2 + ions, the

optimum amount of cement additive should be used to provide a source of

CaZ+ ions for iuhibiting polymer chain scission caused by the hydrolytic

decomposition of the pendent groups.

The rate of reaction between the Ca2+ ions and the COO- anions as a

function of hydrothermal temperature, from 500 to 2C0°C, was quantitative-

ly estimated by comparic4g the absorbance ratios of the -CO0-(Ca 2 +) groups

at 1540 cm"1 and the C-O groups at 1710 cm-1 . Samples containing a filler

with a S/C ratio of 70/30 were used in the IR spectrophotometry analysis.

Prior to testing, the films were exposed for 10 days to water at tempera-

tures of 500, 1000. 1500, and 200 0 C.

In IR quantitative analysis, the peak height or the area of the band

is taken as the criterion of band Intensity. Therefore, an accurate nea-

auresent of band intensity is very Important. The absorbances of two

peaks were determined as the distance from the absorption maximum to a

baseliue connotting the two wings of the band.

A plot of the absorbance ratio as a function of temperature (iigure

6) shows a direct linear relationship. This implies that the intensity of

the band characteristic of COO"(C&2+) formation becomes stronger &a the

C-O group band intensity decreases. Accordingly, it appears that a large

number of pendent carboxyl groups are converted into carboxylate anions by

the hot water. These anions simultaneously produce Ca2 + salt bridge

structures (formed by ionic reactions with the Ca2+ ions) which play an

essential role In binding the COO- ions. The data also suggest that the

rate of ionic bonding through salt formation is directly related to the

temperature up to 2000 C and to the quantity of cemenu mixed with the

silica flour filler. The absorbance ratio of 0.55 at ZOO0 C seems to indi-

cate that >50% of the carboxyl groups were changed in the Ca salt forms-

tions. This is -18 times as large as the percentage for samples at 50 0 C.
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Three possible molecular structures for the calcium carboxylate com-

plexes can be deduced. These are shown below.

0-0 .. 0_ O-C = c=O

-?
O=C

4-j CHI),
CH

Complexed structure (I) Us characterized as an intramolecule hydrat-

ed salt-type formed within the single chain, and (11) refers to an inter-

molecule hydrated salt-type through the cross-linking structure which

connects two adjacent carboxylates between the chains. The calcium cation

in a salt bridge will be stabilized by six water molecules to give an

octahedral structure2 7 . The neutral H20 molecule3 coordinated to the Ca2+

ions will be stable enough to remove water vapor from ordinary air at

ambient temperature 2 8 . An alternative formation, (111), may be inter-

preted as a pendent half-salt.

Assuming that the Ca-complexed ionamer matrix consisti of the above

three species, formations (I) and (1I) contribute significantly to en-

hancement of the chain stiffness, lower the degree of free rotation of the

chains, and increase the chain entanglements, thereby increasing Tg levels

and the mechanical strength of the films2 9 . On the other hand, the half-

salt located in the pendent groups my be presumed to have little if any

-23-



effect on restraining chain rotation. With regard to half-salt molecular

structures, -C0O"--Ca 2 +0H" groups containing an Interchangeable hydroxyl

group are more likely to be hydrophilic than hydrophobic.

3. Thermal Behavior Analysis

The enhanced thermal stability of Ca-complexed compound films was

assumed to be due mainly to the presence of a larger number of salt bridge

formations and to the hydrated inorganic macromolecules formed during

exposure to the hydrothermal environment. Thermal measurements intended

to clarify this assumption were made by using thermogravl.metric and dif-

ferential thermal analysis (TGA and DTA). Since the numbers of salt

formations and of hybrid macromolecules increase with increasing hydro-

thermal temperature, copolymer films with S/C 30/70 filler were exposed

for 3 days to water at temperatures of 240, 150o, and 2000 C. After expo-

sure, the thermal behavior analyses were performed at a heating rate of

1OfC/min In nitrogen gas.

The TGA thermograms are shown in conjunction with the DTA curves in

Figure 7. The TGA curve for the samples exposed at 24 0 C (tb. controls)

indicates that weight loss began at '-225 0 C. It reached 13% at -275° and

40% at -4000C. These temperatures correspond to weak and strong endother-

mic peaks on the DTA curve. The former peak may be due to the rotational

energy of the molecular chains and the l'tter to the integrated heat of

fusion.

In contrast to the controls, which lost no weight up to -2250C, the

samples that had been exposed to water at 1500 lost -0.13 g over the tem-

perature range 800 to 2000C. This appears to be directly related to the

two weak DTA endothermal peaks at 800 and 175 0 C. The peak at -0 0oC is

attributed to vaporization of free water. The total amount of free water

was calculated from the TGA data to be -0.03 g. This corresponds to "

-0.26% by weight of the total composite mass.

-24-
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The weight loss at -175 0 C may be due to thermal dissociation of bound.

water, Including the gel water combined with the hydraulic cement and the

neutral H20 molecules coordinated to Ca2 + ions in Ca2+ bridges. The

amount of bound water was calculated to be -0.1 g. The onset temperature

for thermal decomposition of the 150 0 C sample was -330 0 C, "-1050 C higher

than that of the control. The DTA curve shows that the intensity of its

endothermal peak at -300 0 C is much weaker than that for the control. This

may imply that the chain rotatiou energy, which can be determined from the

total area of the curve enclosed by the baseline, was reduced by the for-

mation of salt complexes and by the inorganic macromolecules produced dur-

ing the hydrothermal exposure.

Another weak peaki appears In this curve at 480 0 C. This is due 3 0 to

the dehydratiou of Ca(OH) 2 ard is related to the slight weight loss be-

tween 4800 and 5400 C on the TGA curve. The Ca(OH) 2 formation of -0.15 g

was calculated on the basis of the distance between the onset of the two

linear portions before and after the transition period, on the TGA curve.

It amounts to '-3.72% by weight of anhydrous cement used.

The sample that had been exposed to water at 2000C lost ~-0.18 gof

water between the temperatures 500 and 110 0 C. The slight change in the

slop* of its TGA curve near 1500C is due to the presence of -0.16 g of

bound water, which is "-60% greater than that in the samples exposed at

150 0C.

It is well known that the amount of water in a well-hydrated cement

retained at 105 0 C is generally -20% by weight of the anhydrous cement 3 1 .

Thus, if -0.16 g of bound water is assigned to the hydrated cement, this

corresponds to -4.1% by weight of the total anhydrous cement mass. It

may, therefore, be interpreted that '-21% of the -ement present in the .

copolymer matrix was completely hydrated. However, since some H20 mole-

cules coordiuatea to Ca 2 + ions should also be contained as bound water,

the amount of hydrated cement is actually 4Z2%. These results eem-
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to suggest that the hydration products of cement are probably formed in a

very thin superficial layer on the films, where they seem to protect the

organic polymer from hydrothermal deterioration. On the other hand, the

onset temperature of the major weight loss, as determined by TGA, was

-38 0 C. This was accompanied by a prominent endothermic peak at 425 0 C on

the DTA curve. The high onset temperature, 50 0 C above that for the 1500C

samples, seems to verify that the configurative combination between the

highly formed salt complexes and the macromolecules contributes signifi-

cantly to the improvement in the hydrothermal stability of the composite

films. The temperature at which the film exhibited a 40% weight loss was

-600 0 C. DTA data also indicated the disappearance of the exothermal peak

at "-3000 C. Therefore, it appears that Ciese formations enhance chain

stiffness. On the basis of the change in the TGA slope at -470 0 C, the

amount of Ca(OH) 2 produced was estimated to be -0.2 g, which cv,*'esponds

to -5.1% by weight of the anhydrous cement.

4. Wetting Behavior of Film Surface

Since the wettability relationship between water and a solid surface

is considered to be a type of complex water-solid interaction, 3 2 the mag-

nitude of the water wettabLlity of a plane film surface can be estimated

from the value of the work of adhesion, WA (H20), which is a generally

useful index of surface wetting. The value of WA (erg/cm2 ) was calcu-

lated by using the well-known classical expression originated by Young 3 3

and Dupr*34,

WA (H20) " LV (1 + coso ) Ta

where yLV (dyne/cm) is the surface tension of water at 240C, 0 is the

average value of the measurad contact angle on the solid surface, and s"

is the equilibrium spreading pressure of the adsorbed vapor on the solid.

In many approaches to the theory of contact angles, wl has been assumed

to be approximately zero 3 5 . Fox and Zisman 3 6 showed that yLV (l +

cos 0) was a good approximation for WA, the work of adhesion between

liquid and solids which do not wet.
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The film samples, containing fillers with variou4s S/C ratios, that

were used for contact angle and SEN measurements were exposed in hot water

for 3 days at temperatures up to 1500C and then rinsed several times with

distilled water and dried in the oven at 700 C for 24 hr. All the measure-

ments were made at a temperature controlled at 24.0 * 0.10C, and 50% rela-

tive humidity. In measuring contact angles, because the angles on the dry

film surfaces gradually increased during the first 10 to 20 sec, the

static angles wore recorded after the boundary of a sessile drop had been

allowed to equilibriate for 30 sec after deposition.

A plot of WA as a function of S/C ratio far films exposed at tem-

peratures of 240, 1000, and 150 0 C (Figure 8) shows that WA is affected

both by hydrothermal temperature and by S/C ratio. The WA values for

all samples exposed at 240C were essentially constant, varying only from A
83.0 to 85.9 erg/cm2 , showing that these films, which have a smooth sur-

face, have a relatively low magnitude of surface wettability. In con-

trast, for the samples exposed in boiling water at 100 0 C, the WA value

rose sharply at S/C ratios >70/30, going up to 113.6 erg/cm2 for non-

cement-containing control samples. This value was 31.3% higher than that .

for the sample with S/C 70/30 filler, and 32.9% higher than that obtained

from the same film surface at 240C. The results suggest that the increase

in surface wettability with lower cement concentration is probably due to

an increase either in the number of hydrophilLc groups or in their acces-

sibility to water. The finding that WA at S/C 30/70 was almost the

same as at S/C 70/30 seems to demonstrate that the presence of >30%

cement by weight of the total mix filler results in a low surface

wettability.

The WA plot in Figure 8 for films exposed at 150°C showed an inter-

esting variation: the degree of wetting decreased sharply vith increased

cement concentration between S/C ratios of 100/0 and 70/30, and then

increased somewhat with further lowering of the S/C ratio. The decrease

in wettability in the S/C range of 100/0 to 70/30 is similar to the trend

seen with the 1000C samples. The surface of the control samples had a

WA value of 120 erg/cm2 , and the lowest value (90 erg/cm2 ) was for the
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a

samples with S/C 70/30 filler. A possible reason for the increased wet-

tability of films with S/C 50/50 (and lover) fillers is enhancement of the

. surface roughness by squeezing deformation of the films resulting from the

. - increased concentration of hydration macromolecules in the amorphous co-

Spolymer matrix.

This can be further clarified by studying the relationship between

"cosine 0 and the IR absorbance ratio for the CO00(Ca) at 1540 cm"1 fre-

quency and the C-0 groups at 1710 cm'1. For samples that had been exposed

to hot water at 150 0 C (Table 1), the tendency for the absorbance ratio to

increase as the S/C ratio decreases is in agreement with that obtained

from films exposed at 1500C. This Implies that the hydrophilic carboxy-

late groups formed by hydrolysis of the carboxyl groups present In the

polymer molecules are converted into hydrophobic Ca-complexed salt for-

mations by ionic reaction; with free Ca2+ ions released from the cement

* grains Lin an aqueous medium. Thus, reaction of the abundant Ca ions

"available from larger amounts of cement is thought to make the polar

film surface less hydrophilic and more hydrophobic. On the other hand,

cosine 0 cecreased as the cement quantity was increased from S/C 90/10 to

. 70/30 and theo Increased gradually with further decreases in the S/C ra-

"-. tio. In spite of being hydrophobic, the film surfaces may have enhanced

* vettability betleen S/C 50/50 and 30/70 because of heightened surface

roughness and oulargement of their microcracking spaces. The latter re-

- suits from tbo 'tigh Lntecual stress concentration developed during growth

of Large ydraý.44 macromaolecules, which allows the transportation of more

& water.

To support the data on the wetting behavior, the surface free energy

for the exposed film samples was determined by methods developed by Owens

Jr et al. 37 and Basskin et al. 3 8 which are especially applicable to the sur-

face characterization of polymers. Film surfaces that have high contact

"angles lack affinity for water and have a lower surface energy. There-

fore, surface naergy is one of the important factors affecting water
,-.4

K jpermeability.
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TABLE I

SVariation of Contact Angle and Absorbance Ratio as a Function of S/C

Ratio for Samples Exposed at 1500C

Absorbauce ratio,
S/C 1540 cm"1 of CO0(Ca)

" ratio Cos 0 (Water) 1710 C.-' of C-O

90/10 0.43 0.043

80/20 0.30 0.081

70/30 0 .22 0.104

50/50 0.24 0.136

30/70 0.31 0.142

I

41

I

k:

L
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In measuring the total solid surface free energy ys, it is assumed

that y5 La the sum of two components: the dispersion forces yd and the

dipole-hydrogeu bonding forces yP. The geometric man equation, propos-

ed as a natural extension of the Fowkes 3 9 empirical formula by Ovens et

al. 3 7 , was used to estimate those energy contributions for the high

surface-euergy sys tems:

TSL = y8° + y -V " 2 j(ysd YLd) - 2jysP TLP) (1)

where T SL is the interfacial tension at the solid-liquid interface, yLV

is the surface tension of liquid on a free ourface energy y.0 of the solid

while under vacuum, and ysd TLd and ysP yLp refer to the dispersion

forces and polar forces in the solid and the liquid. Generally, equili-

brium at the solid-Liquid interface depends on the four parameters governed

by the following Young's expressiou:

yLV Cos a " TsO -YSL + is (2)

In dealing with the adhesion of a liquid on a perfectly flat solid surface,

the free energy of work of adhesion VA is given by

VA a YLV l+ co ) +vs . (3)

By assuming that vi - 0 for Eqs. (2) and (3), these equations can be com-

bined and written as follows:

WA w YLj + ys° T SL (4)

Accordiugly, Eq. (1) can be reduced to the general form

WA - 2 ,f(yad YLd) + 2 J(YsP YLP ) * (5)

In Eq. (5), the values of -fd and yTP, which are needed to obtain the total

solid surface energy TS, are unknown. They can be determined by the meth-

od of Owens et &13 7 by measuring the contact angles with water (H2 0) and
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methylene iodide (^H 2 12 ). The latter is used because its molecules are

much larger than H2 0 and therefore cannot diffuse into the pores be

tween the hydrocarbon chains in the film. Values of WA for water and

methylene iodide were computed from experimentally measured contact angle

and surface tension value3. Values for the parameters yLd and yLp

were obtained from data reported by Fowkes 4 0 : yLd - 21.8 erg/cm2 and

YLP - 51.0 erg/cm2 for water; yLd = 48.5 erg/cm2 and yLp - 2.3 erg/cm2

for methylene iodide.

Figure 9 shows ysP, ysd, and y. values plotted as a function of S/C

ratios for ccmposite films after cutoclave exposure at 1000 and 150 0 C.

The values for ysP at 1000 and 150 0 C are essentially independent of S/C

ratio between 30/70 and 70/30 and then increase with decreasing cement

content. The highest ysP value obtained from the non-cement-containing

control samples indicated that the surface is composed of a hydrophilic

monolayer of oriented polar groups. Conversely, the lower ysP values

correspond to a polar surface with a lower hydrophilic density. The

shift in ysd for the surfaces of samples autoclaved at 150 0 C indicated

a trend similar to that for the WA results discussed previously.

Values for ysd were lowest at a 70/30 ratio and then increased

rapidly with a further decrease in cement content. The changes in ysd

occurring between S/C ratios of 70/30 and 30/70 are considerably higher

(48.4% vs 6.6% ) than those for yaP. This suggests that ysd for high

surface-energy solid film surfaces is more likely to be associated with

surface roughness than with the inclination to polarizability of mole-

cules. It should also be noted that over a wide range of S/C ratios, the

variation in ysd at 100 0 C is relatively small. Thus, the use of cement as

a method for increasing hydrothermal stability of films seems to be most

effective at -l000 C.

Since the total surface free enegy ys is the sum of the attraction

forces yP and yad, its curve is similar to that for ysd. The surface

energies for the control, from the curve in Figure 9, were 53.61 erg/cm2

at 1000 C and 58.78 erg/cm2 at 1500C, -70% higher than those for samples

with S/C 70/30 filler.
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The above results indicate that the hydrolysis of the pendent carbox-

yl groups in the superficial layer of the file enhances either the number

or the accessibility of the hydrophilic groups formed from the functional

carboxylate groups previously detected by IR. Furthermore, the increased

roughness of the film surface due to the hydrothermal deterioration of

polymer matrices and the presence of extraordinarily firmed inorganic mac-

romolecules significantly increase water wettability and thus allow the

transportation of more water.

Scanning electron microscopy (SEX) is the best approach to character-

izing the morphological features of the material surfaces. The micro-

structure and morphology of the composite film surfaces, before and after

exposure to hot water at 150 0 C for 3 days, were studied by this tech-

nique. Figure 10 (X 204) shows a surface of an unexposed bulk copolymer

film without any fillers. Its surface morphology is smooth, and evidence

is lacking as to whether the microcracking in the middle is caused by

shrinkage of the copolymer or by deposition of gold film on its surface.

Exposure to hot water caused dramatic changes (Figure 11). The polymer

molecules were strongly agglomerated by entanglement of the chain caused

by severe hydrothermal deterioration, resulting in Lncreabed surface

roughness. The agglomerate particles consist of approximately spheroidal

and spherical granules of 40 us diameter. Since the amount of coalescent

polymer aggregation is thought to increase progressively with extended

exposure time, some of the agglomerate particles may be naturally removed

from the material surfaces, which would reduce the weight of the films.

An exposed copolymer film with silica flour filler (Figure 12) had a

heterogeneous solid surface exhibiting different areas with largely ag-

glomerated polymer spheroids (A) and sharply pcotruding silica surfaces

(B). The agglomerate particles appear very similar to those observed on

the surface of the exposed homogeneous polymer. The roughnvss of this
file surface indicates that the continuous copolymer layer formerly coat-

ing the surface of the silica grains was removed during the autoclave ex-

posure. This surface texture results in increased surface free energies,

weight loss, and water wettability. Figures 13 and 14 show the surface

textures of films with S/C 80/20 filler before and after exposure in
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the autoclave. The former '.s characterized by a continuous layer of copo- I
lymer coating the at. 'ace of the original cement and silica flour grains.

The anhydrous cement grains cannot be distinguished by their appearance.

After exposure, some small pits were detectable, but in general the sur-

face was much emoother than that of the exposed film with silica filler.

This morphology verifies that the hydraulic cement prevents severe deteri-

oration of the polymer by the attack of hot water. Although at low magni-

fication the surface appeared smooth, enlargement to X 5000 disclosed that

a number of knobs had developed on the surface (Figure 15). This may have

been caused by the internal stress associated with the hybrid compounds

of superficially formed Ca-complexed ionomer and hydrated cement macro-

molecules. The improvement of the hydrothermal stability of copolymer

matrices by cement additives is apparent from the microstructure of film

containing a large amount of cement. At a low magnification (X 48) the

surface texture of a film with S/C 30/70 filler after autoclave exposure

(Figure 16) shows numerous small cracks, in contrast to the agglomerated

copolymers and silica particles seen on the films with silica filler

(Figure 12). Formation of the Ca-complexed ionomer, which would be ex-

pected to be stable at -150 0 C, is though to have prevented agglomeration

of the copolymer. The cracking may be due to shrinkage of the hydrated

cement macromolecules. This suggests that the superfluous cement contri-

butes to surface roughness and thus increases surface free energy and wet-

tability. Two different phases are seen in Figure 16, circular depression

portions (C) and rough areas (D). The former are probably representative

of the fresh composite surfaces disclosed by removing parts of a super-

ficial layer of the Ca-complexed Lonomer combined with the cement

macromolecules.

Detailed examination of the superficially formed complex layers was

accomplished by transmission electron microscopy (TEM). This analysis

was helpful in the Identification of the hydrated CaO-SiO2 compounds.

As illustrated in Figure 17, the image shows a fibrous structure that at

higher magnification appears to be composed of dense masses of crystal-

line needles. The presence of both calcium and silica in this layer was p"

confirmed byenergy dispersive X-ray fluorescence (EDX) attached to the
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SEI4. In a further attempt to identify the hydrated compounds forming the

% fiber-like structures, X-ray powder diffraction analysis was performed.

Consequently, the crystallized hydration compounds were identified from

the broad peak at 3.03 2 to be calcium silicate hydrate (C-S-H). These

fiber crystals which protrude from the Louomer surface as if from an

arable land, are likely to function as a mechanical reinforcement for the

Lonomer matrix layers.

Accordingly, the ternary crystalline fiber formed after exposure for

3 days to water at 150 0 C must be regarded as a moderately crystallized

C-S-H compound formed during setting of the cement. The amount of C-S-H

for•ations growing outward from cement grains increases with exposure

time, and such growth mar fill the spaces between the original cement

. grains and between the cement grains and the complexed ionomers. Fur-

thermore, the orientation of the closely packed gel structure may lead

Si-to the formation of the interconnecting cross-links between their our-

.- faces, cementing the whole mass together. This seems to verify that the

superficially formed Inorganic macromolecule-complexed icnomer layers con-

tribute significantly to the hydrothermal stability of the film.

"5. Electrode Potential of Coated Metal Plates

Water permeation is one of the most important properties of films

designed for protective coating applications. To estimate the water

* transport through the paint coatings, electrode potential measurements

- of coated metal plates were made after exposure for up to 25 days In an

"autoclave at 1500C. Samples in this test series contained fillers with

L S/C ratios of 100/0 and 70/30, and the thickness of the coatings was 10

and 25 mil.

Test results from these samples are given in Figure 18. Although the

current flow through the coatings depends primarily on the film thickness

and the exposure period, it is evident.from the figure that the coatings

with S/C 70/30 filler had a far lower current than those for the silica

• -copolymer coatings. The current flow through the 10 mil coating with

* S/C 70/30 was 0.42 mA after exposure for 25 days. This value is -60%
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less than that for the SIC 100/0 sample after the sae exposure time.

This seems to support the theory that the superficially formed CaO-SiO2 -

420 macromolecule-ion complexed copolymer layers are probably responsible

for minimizing the permeability of the polymeric composite coatings to

water.

From studies of the dipole-hydrogen bonding forces, dispersion

forces, surface free energies, surface morphological features, and elec-

trode potential changes discussed above, it is believed that the low water

permeability of the exposed coatings is directly related to lower hydro-

philicity, low-energy surface, and reduced surface roughness.

6. Conclusions

In studying the physico-chemical factors affecting the hydrothermal

stability of hydrated inorganic macromolecule-ionomer composite materials

for utilization as protective coatings on metals, the following generali-

zations can be conclusively drawn from the results described above. In

the formation of the ionomer, the quantity of CO0"(Ca2+) groups produced

by ionic reactions occurring between the carboxylate anions and the nucle-

ophilic Ca2 + ions during exposure to hot water increases with increasing

hydrothermal temperatures and higher touceutrations of the cement used as

a source of divalent metallic cations. Evidently, the conformation of a

Ca salt bridge not only acts to inhibit the scission of the polymer chains

due to hydrolysis of the pendent groups, but also contributes significant-

ly to the thermal stability of Lonomer matrices near 3000C. This was

indicated by TGA and DTA evaluations. SEN and TEN examinations of tile

morphology indicated that the Lonomer c€mposites combined with the hybrid
macromolecules to form very thin superficial layers on the films. The

major hydration macromolecules of cement formed during the 3 day exposure

in the autoclave at 150 0 C were identified to be the C-S-H compounds

moderately crystallized on the outward cement grains. Th.3se are primarily

responsible for the mechanical enhancement since they act as a reinforce-

ment for the protective ionomer layers.
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Once these components become the constituents of a film, the film

acquires some very interesting characteristics. One of inherent proper-

ties is that the glass transition temperature, T., tends to increase with

increasing cement concentration. This affects the chain stiffness of the

polymer molecules. A maximum Tg of 63.50C was attained when 50 parts

silica flour and 50 parts cement were used, and the addition of more

cement decreased the T9. Trends similar to those for the T8 were seen

in the measurements of tensile strength of the films.

Analysis of the above data indicates that interactions at the inter-

face between the configurated hydration macromolecules and the Lonomer

chains not only result in strong agglomeration and chain entanglement,

but also are likely to contribute to incremental interfacial stresses

which lead to chain enlargement occurring along with the growth of

macromolecules.

Another characteristic observed is that the Ca-complexed ionomer

films have a lover water permeability than the exposed films having silica

flour filler without cement. A possible reason for this is as follows:

The copolymer films with silica flour filler, after exposure to hot water,

contain a larger uumber of hydrophilic carboxylate groups yielded by

hydrolysis of the functional carboxyl groups in the polymer molecule.

Contact angle measurements indicated a high surface free energy, ys, >50

erg/cm2 . In contrast, the complex Lonomer films containing the Ca salt

formation coordinated with 6 H2 0 ligands are more hydrophobic. Thus, the

total surface free energy for the films with S/C 70/30 filler after expo-

sure to water at 1500C, was calculated to be -34 erg/ce2 , -42% lover than

that for films with S/C 100/0 filler. Conversely, the production of ex-

cessive cement macromolecules results in an increase in surface energy.

This is connected with changes in surface roughness due to the squeezing

deformation of the film. The results suggest that the 1ev water perme-

ability of the exposed films is directly related to lower hydrophilicity,

low-energy surface, and reduced surface roughness.
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III. NATURE OF INTERFACIAL INTERACTIONS BETWEEN POLYMER AND
PHOSPHATE-TREATED METAL SURFACES

Since one of the main factors affecting the durability of protective

coatings is the adhesion force to metal substrates, it is very important

to better understand the nature and role of adhesion mechanisms and how

they affect the irterfacial attractions between functional polymers and

metal surfaces.

Generally, good bonding can be attributed to the following four

elements: (1) mechanical interlocking associated with the surface topo-

graphy of metals, (2) surface wettability of metal by the polymers, (3)

strong chemisorption, and (4) type and degree of polymer-metal interfacial

interaction. Two functional polymer systems, polyacrylic acid and levu-

linic acid-modified furan, were emphasized to obtain the above informa-

tion. On the other hand, modifications to the metal surfaces are very

important to successful bonding. Therefore, two types of chemically oxi-

dized metal surfaces were evaluated in this study: (1) iron phosphating

crystalline and (2) zinc phosphating crystalline layers.

A. Materials

Commercial polyacrylic acid (PAA), 45% solution in water, having an

average molecular weight of 104,000, was supplied by Scientific Polymer

Products, Inc. The pendent carboxylic acid (COOH) groups on the macro-

molecules were partially neutralized by adding the calculated amount of

sodium hydroxide (NaOH). The degrees of neutralization used were 0, 20,

40, 60, and 80%.

Commercial-grade furan (FR) 1001 resin having a viscosity of 470 cP

and a specific gravity of 1.22 at 24 0 C was supplied by the Quaker Oats

Company. The condensation-type polymerization of the FR resin was initi-

ated by the use of 4 wtX Qua Corr 2001 catalyst, which is an aromatic acid

derivative. The gel time for a 200 g resin sample containing the initi-

ator was -15 min at 24 0 C. Commercial analytical-grade levulinic acid re-

agent (LA), CH3 COCH 2 CH2 COOH, was employed to assemble the more reactive PR

macromolecules.
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The metal used in the experiments was nonresulfurized mild carbon

steel consisting of 0.18 to 0.23% carbon, 0.3 to 0.6% manganese, 0.1 to

0.2% silicon, and <0.04% phosphorous. To deposit iron phosphate and zinc

phosphate crystalline films onto metal substrate surfaces, the metal sur-

faces were polished with ultrafine emery paper and then chemically treated

in an oven at 800C for up to 24 hr. In the iron phosphate experiments,

the polished metal surface was imersed in a dilute (P1H -2.5) solution of

phosphoric acid (H 3 P04 ). The sine phosphate was deposited by imersing

the metal in an acidic solution consisting of 9 parts sine ortho phosphate

dihydrate [Zn 3 (PO 4 ) 2 .2H 2 0] and 91 parts 15% H3PO4 solution. The pH of

this solution was -2.0. After depositing the oxide film, the metal sub-

strates were dried in an oven at 150 0 C for -3 hr to remove any moisture

from the film surfaces.

B. Measurements

The surface topography and morphology for the chemically treated metal

adherends were analysed by AMR 100 2 scanning electron microscopy (SEM)

associated with TN-2000 energy dispersive x-ray fluorescence (EDX).

A Perkin-Elmer Model 257 Spectrometer was used for infrared spectro-

scopic (II) analysis. To obtain the basic information regarding the

interfacial reaction mechanisms, IR spectra were obtained for the samples

prepared in the form of KBr discs. The samples were powdered before mix-

ing and grinding with KBr.

The magnitude of the wetting force of the oxidized metal surfaces by

modified and neutralized liquid resins was measured using a Contact Angle

Analyzer in a 601 R.H. and 24 0 C environment. All of the data were deter-

mined within 30 sec after drop application.

X, ray powder diffraction (XRD) analyses were employed to identify the

oxide compound layers deposited on the treated metal surface. To prepare

the fine powder samples, the deposited oxide layers were removed by scrap-

ing the surfaces and were then ground to a size of -325 mesh (0.044 mm).
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Tne lap-shear tensile strength of metal-to-metal adhesLves was deter-

mined in accordance with the modified ASTM method D-1002. Prior to over-

lapping between metal strips 50 -a long, 15 -m wide, and 2 -s thick, the

10 x 15 am lap area was coated with the neutralized polyelectrolyte macro-

molecular adhesives. The thickness of the overlapped film ranged from 1

to 3 ail. The bond strength values for the lap shear specimens are the

maximum load at failure divided by the total bonding area of 150 m 2 .

C. Surface Topography of Steel Prepared by Phosphating Solutions

Since the nature of the surface amcromorphology 4 1 '' 2 and the

thickness4 3 , 4 4 of the deposited oxide layers relate directly to the

bonding forces at the interface, two different oxide film surfaces were

examined by SEN and EDX. As illustrated in Figures 19 and 20, the micro-

morphology and topography yielded by these two surface preparations ap-

peared to be very different. The topographical image of Oe H3 PO4 -treated

surface (see Figure 19) seems to consist of two discriminable layers. An-

alyses of EDX peaks indicated that one of the layers consisted of irreg-

ularly deposited iron phosphate crystals and the other of iron oxide. The

former was composed of crystals characterized by circular radiating and

thin plate-like features. Ou the basis of the strong spacing at 3.28 and

3.60 2 on XR.D patterns in the diffraction range 8.84 to 1.54 1, the crys-

tallized compound layer was identified as iron (III) ortho phosphate

dihydrate (FePO4 .ZH 2 0). This vas also confirmed by IR spectra analysis

which will be discussed in later sections of the report. From SEN obser-

vations, it appears that the concentration of the crystal clusters of

FePO4 .2H 2 0 cover -70% of the treated metal surface. Therefore, the H3 PO4 -

treated surface appear3 to consist of a hybrid layer of FePO4 -Fe 2 0 3 -HZO

absorbed on porous Fe oxide.

Figure 20 showe large lamel.ate block crystal growths of zinc phos-

phate hydrate compound layers arrayed uniformly on all surfaces of the

modified metal sites. The XRD patterns for these crystalline powder
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Figure 19. Scanning electron micrograph and EDX peak of H PO4-treated metal1 surfaces.
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samples disclosed a strong peak intensity at 4.57 and 2.83 Z. Accord-

Lngly, the highly crystallized layers indicated the formation of hopeite,

Zn3 (P0 4 ) 2 . 4H20. As seen in the figure, the main microstructure features

of deposited hopeite films, cimpared with those for iron phosphate films,

are extreme roughness, greater crystal thickness, and a more open surface

structure. Because of these topographical features, it is expected that - ..

the regularly interlocked hopeite crystals will provide a larger surface

area for bonding and give sufficient mechanical interlocking with adhe-

sives. Also, penetration of adhesives into the pores on the open surface

mLcrostructure will help to enhance the bond at the polymer-hopeLte inter-

faces. In addition to the information obtained from XRD, it appears from

EDX peaks that some zinc is likely to be replaced by ferrous Lons. By

comparing the microstructure and surface topography of these two different

hydrated oxide layers, work was initiated to define the micromorpbological

features that contribute to the adhesion behavior at the polyelectrolyto

macromolecule-oxidized metal interfaces.

D. Polyacrylic Acid/Treated Metal Interface

1. Wetting Behavior

The wettability and the adsorption behavior of polyelectrolyte macro-

molecules on oxide layers were investigated on the basis of contact angle

measurements made 30 sec after deposition on the test surfaces. For this

work, a 10% PAA solution was prepared by diluting 45% PAA with distilled

water. The primary purpose of this study was to evaluate quantitatively

the degree of interfacial interactions of the functional COOH groups and

to assess the correlations that may exist between the surface morpholog-

ical features of oxide films and the dispersion forces of polyelectrolyte

macromolecules. Both the conformation and orientation of the pendent

polar groups in polyacid macromolecules will contribute to the magnitude

of surface wettability and spreadability onto the oxide films. Thus,

in order to describe how the regularly oriented macromolecule affects

the dispersion function and efficiency, the pendent COOH groups were neu-

tralized by adding NaOH. The changes in conformation of PAA molecules
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neutralized in the range of 0 to 80% were apparently verified by the shift

in IR spectra for these samples, as shown in Figure 21. The most

pronounced changes in these frequencies were an increase in the peak -

intensity of two new bands at 1550 and 1400 cm"1 with an increase in the

degtree of neutralization. In addition, the carbonyl C-O group frequency

at 1710 cm-1 tends to shorten with increased degrees of neutralization.

The absorption bands at 1550 and 1400 cm"1 can be assigned to the

asymmetrical and symmetrical stretching vibrations of carboxylic anions,

CO0. The spectra from the 80% neutralization sample indicates the almost

complete disappearance of the conventional band at 1710 cm-1 . These

results clearly demonstrate that salt complex formations having COO- Na+

groups were yielded bF the acid-base reaction between the carboxylate

anions formed by proton donor characteristics of the arrayed carboxylic

acid groups and the active neucleophilic Na+ ions dissociated from NaOH in

the PM solutions. Theso conformational changes contribute to the

subsequent entanglement and coiling of the macromolecules. Since the

extent of the intermolecule entanglement increases with the degree of

neutralization, the loss of functional groups at available adsorption

sites in the molecular chains may result in decreased dispersion and

weltability forces on oxide surfaces by PAA polymers.

The improved wettability of metals by the macromolecules is attri-

buted not only to Lnterfo.cial interactions between the polar groups in

the polymer and the oxide layers, but also to the enhanced activation of

modified metal surface sites at which the energetics of adsorption are

particularly favorable. The contact angles on the metal surface were

measured as a function of the age of the chemical treatment. PAA solu-

tions with 0, 20 and 40% neutralization were employed in this test series.

The data, shown in Figure 22, indicate that the contact angles for both

the H3 PO 4 - and Zn3 (PO 4 ) 2 .4H 20-treated surfaces tend to decrease with in-

creasing treatment times. When a non-neutralized PAA solution was used,

the contact angles after a 24-hr surface treatment were reduced by -63%

and 861% for the H3 PO4 - and Zn3(PO4)2.4H20-modified surface layers, res-

pectively, when compared with those from polished surfaces. Although the r
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Figure 21. Infrared spectra of PAA polymers Ueutrallzed by NaOH; (a) 0%,

(b) 20o, (c) 40%, (d) 60%, and (e) 80% neutralization.

-56-



70 
- HP04 -TREATED SURFACEI,

0 --- Zn 3 (P0 4 )2 *4H2 0 -TREATED

SURFACE

a,50

540

0~

Z

310

00:! •- 20 - . . ..-..-. . --

0.- 0 -\ - -_. - -

10 - ---- 0

0 I I
0 1 3 5 10 24

CHEMICAL TREATMENT TIME (hr)
Figure 22. Changes in contact angle of oxide layers by non- and
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contact angles were measured using a neutralized PAA, the magnitude of the

angle reduction for the Zn 3 (PO4 ) 2 .4H 2 0 layers is considerably higher than

that for H3PO4 -treated layers at the same age. This indicates that the

open surface microstructure of hopeite crystals is easier to vet. The

"data further indicate that an Increased degree of neutralization results

in an increase in the contact angle. fro, these obeervstioue, It can be

concluded that the migration of collectively entangled macromolecules

leads to a decrease in the magnitude of the spreading and capillary

forces, the magnitude of the interfacial vetting force is primarily de-

£ pendent on the conformation changes in adhesive molecules and the surface

topography of the deposited oxide films, and the presence of highly crys-

tallized hopeits layers which have an open surface microstructure in-

creases the wettability and despersion of polyelectrolyte macromolecules.

* 2. Chemisorption

The purpose of the chemical treatment is not only to increase the

r roughness of the metal surface, thereby enhancing mechanical interlocking

bonds, but also to modify the surface chemical composition. Thus, it was

"considered that the Increase in wettability discussed above may also have

* been due to interfacial interactions and conformation changes induced by

chemical reactions between the functional COON groups and the oxidized

metal layers. To elucidate the nature of the interfacial chemical reac-

tion mechanisms, these oxide layers were removed by scraping the metal

surfaces, and the removed oxide metal powders were then ground to a size

of -325 mesh (0.044 mm). Samples were prepared by mixing PAA polymers

with the finely powdered oxide compounds and subsequently curing them in

an oven at 70 0C for 10 hr.

Figure 23 shows 1R spectra for Iron phosphate compounds, bulk PAA

polymers, and iron phosphate-PAM composites. 11 analysis showed conspicu-

. ous bands at frequencies of 3400 and 1030 cm"1 In the spectra for the iron

* phosphating powder. These indicate the formation of iron (I11) orthophos-

- phate. The broad baud near 3400 cm- 1 can be ascribed to the vibration of

the bonded hydroxyl (OH) groups of the hydrated oxide films, while the
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at 1030 cam1 may be due to the vibration of P04-3 in FePO4 .2H 2 0 coan-

j pound formations. Although frequencies below 600 ca"1 a"• not shown in

the figure, the presence of divalent Fe Lons was coufirmed by two adsorp-

tion bands at -570 and 375 cm"1.

The bulk PM polymer samples exhibited major II bands at frequencies

of 3400, 1710, 1430, 1380, and 1160 cam1. The baud around 3400 co-, is

characteristic of 0-H stretching. The adsorbance uf carboxyl (C-0) groups

Is represented by the Intense peak at 1710 cm- 1 , and the bands at 1430 and

1380 cm-1 are associated with the dimeric OH in-plane bending coupled with

C-0 stretching, and the vibration of methyl groups, respectively. The

band at 1160 cm" 1 may be assigned to the O-H in-plane deformation mode.

When compared with the above two spectra, the spectrum for the Iron

phosphate-PAA composite samples was characterised by the pronounced pre-

sesce of two new bands at 1550 and 1396 cm" 1 and a shorter band intoasLty

for C-0 groups at 1710 cm- 1 . Since these new peaks are attributed to the

asymmetrical and symmetrical vibrations characteristic of carboxylate

anion (COO') groups, it is presumed that interfacial Interaction between

the COON groups and the hydrated oxide layers Is due to the following two

hypothetical mechanisms:

• "Type 4: Acid-Base Surface Interaction MechanismsI

171 c ~I 550An~

0" OH -0 OH ___

OH OH -0K
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Type B: Salt-Bridge Intermolecular Reaction Mechanisms by Free Ferrous
Ions

I I I I

0OH H 0
Fe2+ - e2  ..- -

4' iW: /ll !7 , I 71iil 7 7 771111011111111111171111

Type A consists of a strong ionic interaction associated with charge

transfer bonding mechanisms which predominate over weaker dipole interac-

tions. Thus, it is believed that the carboxylate anion (CO-) produced by

acid-base surface interactions occurring between the functional carboxylic

acid (COOH) groups and the polar hydroxyl (OH) groups on hydrated oxide

surface sites are strongly chemisorbed to oxidized metal surfaces. This

significantly enhances the wettability and the bonding properties.

As an alternative possibility, mechanism B ia the salt bridge forma-

tion brought about by ionic bonding between the free Fe 2 + ions existing on

the oxide surface sites and the COO- anions. This formation leads to a

substantial increase in the coil-up and the entanglement intermacrosole-

cule density. The entangled molecules at the interface result in a de-

crease in the polymer adsorption values to metal surfaces. Accordingly,

this spherical molecule phenomenon contributes to the formation of a weak

boundary layer under the surface due to Lnaufficitnt polymer filling of

the cavities in the oxide film layers. However, the rate of the formation

of the ionic interaction regions and the density of entangleicnt macromol-

ecules at interfaces are not evident from the limited data. Nevertheless,

there is no doubt that, when the reactive surface oxide layer chemically

interacts with the orientated COOH groups to form metal-oxygen-polymer

interfacial complex bonds, the yielded Ionic bonds contribute particularly

to an increase in adhesion.
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It spectra for the PAA-Zn 3 (PO 4) 2 .4H2 0 composite systems are given

in Figure 24. The vibrational freouency in inert hopeite powder is repre-

sented by the marked peaks at 3560, 3400, 1630, 1110, IOLO, and 950 ca-1.

The bands at 3560 and 1630 cm"1 are assigned to the coordinated water ex-

pressed in terms of the hydration water. The latter band in particular

can be taken as another Important means of identifying water of crystalli-

zation. The 3400 cam- band is consistent with the hydroxyl stretching

vibration of hydrated inorganic compounds. As absorption band in the re-

lion 1100 to 1000 cM" 1 caa be explained by assuming the presence of tetra-

hedral phosphate Lona such a P0 4
3 ", HP0 4 2, and H2Pi4" in the hydrated

zinc phosphate compounds. Since the P-O-(eetal) linkage appears to have

the stretching frequencies for a P-O bond and an 0-(metaL) bond in the

frequency range 1055 to 950 cm-", the two bands at 1010 and 950 cm- 1 are

likely to represent the stretching vibration of the P-O-(Zn) bond.

The spectrum for the PAA/hopeite composite samples indicates a new

shoulder band at 1550 cas 1 , when compared with those for the hopeite and

bulk PAA samples. The band at a frequency of 1550 cm-4 corresponds to an

asymeetric stretching vibration of COO groups in accordance with Type A

interaction mechanisms. As indicated by earlier SEN. and EDX studies,

very Little, If any, free ferrous Lons exist on the oxide film surfaces.

The presence of free zinc tons would also act to inhibit the spreading

forces of the oxide films by PAA polymer, thereby resulting in the entan-

glement of macro.olecules. However, the concentration of the free zLnc

ions adsorbed onto the hop-ite surface sites was not determined in this

study. In addition, the charge transfer leading to the nature of acid-

base reaction mechanisms between the polyelectrolyte macromolecules and

the regularly oriented polar OH groups of hydrated oxide film sites, is

more likely to be associated with the carboxyLtic anions converted from

carboxylic acid groups rather than from the carbonyl group. Consequently,

it was found that the presence of minimized divalent u-_tallic ioas at the

interface& not only tends to increase the magnitude of wettability and

chemisorption of the oxide film by the functional macromolecules, but also

enhances the evirommental durability of oxide-polymer bonds. In fact, the

strong intensity band of C-0 groups at 1710 cm"l seems to suggest that
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even though oriented active COOK groups are present and may undergo acid-

base interaction at all available -OH surface sites, the rate of the

chemisorption at the interface regions will be small. Despite this small

chemisorption rate, the energy evolved by the chemical interaction is

enough to improve the interfacial bond forces.

3. Lap Shear Bond Strength

In support of the s~udies of the nature of the adhesion mechanisms

and interfacial interaction processes described above, the lap shear bond

strengths when PM polymers with varying degrees of neutralization were

used as metal-to-metal adhesives were determined. The average PAA ad-

hesive thickness for the overlap ranged from I to 3 mll, and the tests

on the lapped samples were performed after curing for 7 days at room

temperature.

Figure 25 shows the lap shear bonding forces at the chemically treat-

ed metal-PAA polymer interfaces as a function of the degree of neutraliza-

tion of the macromolecules. Correlations between the bond strength and

the neutralization rate of COOH groups were found for both treated and un-

treated metal surfaces. In both cases, the bond strengths decrease with

increasing 1OH neutralization of the PAA. As already noted in the earli-

er section on wetting behavior, the strength reduction is due to the poor

spreading and adsorbing characterIstics of PMA adhesives resulting from

the increased density of conformational entanglement macromolecules. The

spreading force is primarily dependent upon the degree of neutralization,

but is independent of the degree of surface roughness of the deposited

oxide films. In fact, the highest strength reduction rate of -1% was ob-

tained from the polished surface substrate bonded with 80% neutralized PAA

polymers. Similar results were obtained for both treated surfaces. As an

example, hopeite layers having a highly crystallized surface roughness ex-

hibited a loss in strength of -71% at the sams degree of neutralization.

Without neutralization of the PAA, the adhesion force to the polished

metal surface is low because of the absence of mechanical interlocking and

chemical bonding at the interface. A stronger bond results when the metal

-64-



600

- ~Zn 3 (P04)2 .4H 2 0 -TREATED

SURFACE
500

0.

-400

(nD

z 300
0

u 2 0 0
a-

"J* HPO4 -TREATED SURFACE

100ACE

0 P I SR C

0 20 40 60 80
NEUTRALIZATION (%)
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faces are given a chemical treatment to produce * thick crystal surface

oxide. The maximum bond streugth of 650 pa1 (4.48 MPa) In this test so-

ries was attained with the hopeite-deposited metal surface. This value

corresponds to improvements of -4 and '-2 times over those obtained from

polished and H3 PO4 -mc.'Mfled surfaces, respectively.

To obtain further information regarding the polymer-hopeite inter-

facial bonding mechanisms, nou-neutrallzed PAA polymer was applied to the.

hopeite surfaces and, after curing, the polymeric coating was physically

stripped from the hopeite surfaces. Both the bonded surface slde of the

stripped polymer film and the coated hopeite side after stripping were

studied by SEM associated with EDX. Since most of the thin polymer film

remains on the hopeite surfaces, the presence of the joined pieces of

hopeita crystals could be detected visually on the stripped polymeT film

surfaces. Morphological and energy-dispersive x-ray studies of the adhe-

sive sites on the polymer films were therefore focused upon the bonded

hopeite pieces which were randomly distributed on the film surfaces. As

seen in Figure 26, the micromorphological image from the SEM resembles the

surface microstructure of hopeite deposited on the metal surfaces turned

upside down. The roughness of the polymer surface definitely verifies

that the polyelectrolyte macromolecules adhere very well to hopeite

surfaces.

The relatively modest technique of EDX has a high potential for de-

tecting the distributions and concentrations of the major chemical con-

stituents which exist at the solid material surface. When compared to the

EDX peaks for hopeite itself (see Figure 20), it appears that the peak

Lntenslty for the Zn atom is stronger than those !or P and Fe atoms. This

may mean that although other transitional metal ions can be present, lar-

ger quantities of Zn atoms may be transferred to the polymer films from

the hopeite surfaces.

to contrast, the coated side of the hopeite, as shown in Figure 27,

displayed microstructure features completely different from those of the

original hopepti crystal structures. EDX results indicated that the
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Figure 27. Surface topography vith EDX peaks of coated hopeite layer site after

stripping polymer.

-68-



iteusity of Fe atom peaks increases significantly, whereas the Zu and P

tom peak intensities become less. Consequently, an alternative hypo-

hetical interfacial. interaction mechanism consistent with the above

bservation may be proposed.

ype C. Divalent Metallic Ion Crosslinking Reactions

Z -Z' 2+/7, z7÷,qx)) 77

T9///f7/lf/711 7

In the hypothetical Type C model, the carboxylic anion/hydroxyl group

interfacial ionic bonds which have a relatively high mobility may be con-

verted into more rigid divalent metallic bridge formations. From the re-

sults described above, the strong adhesion is essentially associated with

the topography of the deposited oxide hydrate compound films, the nature

of interfacial interactions, and the type of degree of chemisorption at--

the Ln~erfaces.

E. Modified Furan/Treated Metal Interface

1. Mechanical Interlocking Behavior

In general, good mechanical interlocking between a polymeric coating

and an oxide substrate can be attributed to the following: I) the nature

of the surface topography and micromorpholo&y of the deposited oxide lay-

er, and 2) tha physical properties of the adhesive and its ability to - I

penetrate easily into the pores in the oxidized films. The former re-

lates directly to surface activation factors, such as the highly crystal-

lized oxide layer consisting of an open surface structure and an adequate
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crystal thickness. These factors lead to an increase in the magnitude of -V

the wettabilLty and spreadability of polymeric adhesives on the oxide

films. The second element is associated with the resins having low vis-

cosity and surface tension.

On the basis of the above concept regarding the mechanical interlock-

Ing behavior, it is thought that the changes in the topographical features a

that occur during the growth of zinc phosphate crystals significantly af-

fect the spreading and wetting behavior of the oxidized layers by the re-

sin. Thus, it is very important to assess systematically any correlations

that exist between the mLcromorphological nature of the aged oxide films

and the adsorption rate of resin on the films. As a first attempt to ob-

tain this information, the degree .f crystallization of hydrated zinc

phosphate compounds deposited on the metal surface as a function of the

soaking time in the zinc phosphatiag solution was investigated by use of

scanning electron microscopy (SEM).

Four steel panels which were polished with siltrafine emery paper,

were immerskl in the Zn 3 (PO 4 ) 2 .2H 2 0-H 3 PO4 -H 20 oxidizing solution at 80°C

for 1, 5, 6, and 24 hr, respectively. SEM photomicrographs of the treated

metal surfaces (Figure 28) show that the degree of deposition and the mag-

nitude of the crystal growth increased with increased exposure to the oxi-

dizing solution. The micrograph of the surface exposed to the solution

for 1 hr indicates many distinctive tiny rings, but no significant crystal

deposition on the surface is apparent. The crystalline rings may have

been produced by erosion of the metal surfaces by the chemically aggress-

ive oxidizing liquids. Closer exanination reveals that the ring sizes

ranged from 100 to 400 un in diameter, and that the rings were slightly

raised from the substrate surfaces. Thu microtexture of the metal surface

changed dramatically from smooth to extremely rough after exposure for 3

hr. Its morphological features were characterized by tie formation of a • I

block-appearlng coarse crystal -280 pm in length, which was distributed

randomly on all surfaces of the modified metal sites. It appeared from

the SEM Image after 6 hours' soaking (see Figure 28-C) that the coarse
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microstructure formed at age 3 hr was later converted into an almost

rectangular crystal structure. As seen in the photomicrograph, the mor-

phological features of the crystals formed at this age indicate a tri-

clinic microstructure characterized by three unequal axes intersecting at

angles oblique to each other. Further exposure (see Figure 28-D) resulted

in the formation of a pronounced dendritic microstructure of triclinic

hopeite crystals. The topography of the 24-hr-old hopeite film, as viewed

by SEM, was comprised of a dense agglomeration of circular radiating

rectangular zinc phosphate crystals. From this morphological image, it is

expected that the uniformly interlocked crystals will provide a larger

surface area for bonding and give sufficient mechanical interlocking with

polymeric adhesives. When the adhesive penetrates into the open spaces on

the interlocking surface microstructure, the rectangular crystals will

become embedded in the adhesive phase and act as a reinforcement for the

"polymeric matrix.

SEM is particularly useful in preparing stereophotographs that can

be viewed in three-dimensional relief with the aid of a stereoviewer and,

hence it can be used to determine the approximate thickness of the crys-

tals after various exposure times. These results are illustrated in

Figure 29. The data indicate that, under the conditions employed, the

oxidizing solution produces a film, the thickness of which increases al-

most linearly with time for exposure periods ranging up to 10 hr. Beyond

that time, the rate of crystal deposition seems to decrease significantly.

Highly crystallized hopeite layers -200 um thick can be produced by im-

mersing the steel plate for -15 hr in the phosphating solution at 80 0 C.

From the above results, it is apparent that the prolonged exposure to the

prescribed oxidizing mixture leads to the formation of highly dense inter-

locking crystals having an open surface structure. For a given crystal

thickness, adhesion to more interlocked oxide films can be expected to be

higher.

An increase in surface crystal thickness relates to an enhanced sur-

face roughness and an increase in oxide surface area. The increased

roughness will enhance the degree of wettability of the oxide film by the
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liquid resin and increase the mechanical interlocking at the polymer-oxide

layer interfaces. E"riments to obtain quantitative information regard-

ing the magnitude of the -attability and the bonding forces were perform-

ed. In this work, determiLtions of the interfacial contact angle at the

resin-oxide film boundary and the lap shear bond strength of metal-to-

I metal adhesives were made as a function of the immersion time for the

metal substrate. A 95% furan - 5% levulinic acid resin system was used in

this test series. The mixture had a viscosity of 420 cP and a surface

tension of 37.4 dyns/cm at 24 0 C. The contact angles were measured within

30 sec af ter deposition of the liquid tesin on the aged hopeite layers.

The changes in contact angles and shear bond strength as a function of

zinc phosphate treatment time are shown in Table 2. It was observed that

the contact angle decreases as the treatment time in the phosphating fluid

is increased up to -24 hr, after which it remains constant. Since a lower

contact angle results in an increase in the magnitude of the wetting

force, it appears that the wettability of the hopeite films can be

enhanced by increasing the crystal thickness. The value for the contact

angle for the hopeite layer produced by immersion for 24 hr, corresponding

"to a crystal thickness of -203 pm, was significantly lower (10.50 vs

30.80) than that, for an untreated metal surface. Although crystal

thickness and surface roughness are major factors in the wettability of

I hopeite films, the unique topographical features of the dendritic

structure of triclinic crystals and the facile penetration of resin into

." the open spaces in the interlocking rectangular crystals may also

* contribute.

As seen in Table 2, a strong correlation between the contact angle

values and the shear bond strength seems to exist. The latter increases

with decreasing contact angle for treatment times up to -24 hr, and then

levels off as the contact angle becomes constant. The adheoion to the

* polished metal surface (time - 0 hr) is poor because of the absence of

- interfacial interlocking. The failure region passes smoothly along the

shear front and involves only a small amount of polymer in plastic defor-

� mation, giving a low shear bond strength of 140 psi (0.97 MPa). This low
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TABLE 2

Contact Angles and Lap Shear Bonding Force as a Function
of Treatment Time of Metal in Phosphating Solution

Treatment time Contact angle, Lap-shear bond strength,
" hr deg pai (MPa)

0 30.8 140 (0.97)

1 28.9 250 (1.72)

3 24.7 390 (2.69)

6 19.0 510 (3.51)

15 13.0 680 (4.69)

24 10.5 720 (5.00)

35 10.7 700 (4.82)
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strength for the untreated surfaces can be improved by a factor of 5.1 by

the zinc phosphate treatment for 24 hr. An ultimate strength of 720 psi

(4.96 HPa) was developed when the contact angle between the polymer and

the hopeite crystal layer was 10.50.

?rom the above results, it is apparent that the magnitude of the

adhesion at the liquid resin-oxide film interface depends mainly on the

area of resin contact, thereby resulting in an increase in the resin wet-

ting capacity of the film surfaces. Thus, it is very important to esti-

mate quantitatively the dynamic wetting feasibility which is expressed in

terms of the rate of spreading. The primary objective in this work was to

develop a spreading model for the wetting processes on the oxide film. A

modified thermodynamic kinetics expression which may be rewritten in the

following form was used to develop the model. This is as follows:

/Cos Ot
)( co(tJ

dt cos

where et is the contact angle at time t, o00 is the contact angle at

infinite time, and k refers to the spreading rate constant. The factor

(1- - I is defined as the rate of the contact angle fraction advanced
cos

at time t.

With this model, an attempt was made to obtain quantitative informa-

tion regarding the rate of spreading on hopeite layers produced by the

different zinc phosphate treatment times. Experiments were performed in

which contact angles we-e measured as a function of time after the deposi-

tion of resin on the substrate surfaces at an ambient temperature of

240C. Values for In I- -i plotted &gains tthe corresponding values
(-Cos 661J

of t are shown in Figure 30. Straight line relationships between the con-

tact angle and elapsed time are evident. As a result, values obtained

(Cos Otfrom the slopes n I ....... )/At were used as the spreading rate
cos-7
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constant k. The influence of the surface oxide film on the ,p.-c!adiug

mobility of resins was evaluated by comparing the rate constant, k, for

various treatment times. The data indicate that the k value increases

as the treatment time of the metal surface is increased. The value of

4.80 x 10-2 sec" 1 after a 24 hours' treatment was -3 times greater than

that at age I hr. This means that a film thickness of -203 "u produced

during a 24-hr immersion period has a more pronounced effect on the

spreading processes than that produced during a 1-hr exposure. It appar-

ently verifies that the boundary of a sessile drop Is significantly ad-

vanced by the growing hopeite crystal layers. Consequently, the crystal

thickness and the degree of surface roughness of the oxide film appear to

have major roles in the resin spreading behavior.

In summary, it was found that hopeite films contribute to a good me-

chanical interlocking with polymeric adhesives. The bonding is attributed

to the uniform topography of the dendritic array Of triclinic rectangular

crystals, the thickness of the crystalline film, interlocking micromor-

phology, and the large open surface microstructure. Anchoring of the pol-

ymer which penetrates into the open spaces in the interlocked crystal lay-

ers also acts to enhance the bond strength at interfacial regions.

2. Interfacial Chemical Attraction

The presence of functional groups, such as hydroxyl, ester, and car-

boxylic acid, in the levulinic acid-modified furan resin molecules may al-

so contribute to the mobility to available adsorption polar hydroxyl (OH)

groups on hopeite surface site*. The chemical treatment is intended not

only to increase the rate of roughness of the metal surfaces, but also to

modify the surface chemical composition. In fact, IR spectra for fine

hopeite powders removed by scraping hopeite-depouited metal surfaces ex-

hibited a strong sharp frequency at 3560 and 3400 cm-1, which represents

the presence of coordinated water expressed in terms of the hydration

water. These strong bands represent the stretching vibration of OH groups

of hydrated water. Water of hydration is also distinguished from OH

groups by the presence of the H-0-H bending motion which produces a medium
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band at -1620 cm- 1 . This band can be taken as another important means of

identifying water of crystallization and it is very useful in the elucida-

tion of inorganic structures. IR results suggest that water molecules in

the hopeite molecular structure are present as simple water of crystalli-

zation and as coordinated water in hydrates. The fact that the highly

crystallized hopeite formation contains a large number of polar OH groups

in watet molecules indicates that it should be possible to form strong hy-

drogen bonds to organic functional groups in polymeric coatings. There-

fore, a study was performed to investigate the role of water in the inter-

facial chemical attraction between the functional resin and the hopeite

layer. In an attempt to elucidate this role, composite samples were pre-

pared by incorporating the modified furan resins with finely powdered

hopeite which was removed from the metal surfaces, and then curing the

mixture in an oven at 80°C for 10 hr. The composition of the hopeite-

filled furan resin was adjusted by varying the concentration of the hope-

ite powder in the range of 0 to 70% by weight. After curing, the samples

to be used in IR spectroscopic analyses were ground to a size of -325 mesh

(0.044 mm). IR analyses for these samples, prepared in the form of KBr

discs, were conducted by interference techniques, using interfering discs

containing various proportions of KBr and hopeite powders.

The resultant IR spectra indicate that the most pronounced changes in

the peak intensity of IR absorption bands, as a function of hopeite con-

centration, take place in the frequency range of 1800 to 1350 cm-1. As

seen in Figure 31, the absorption spectra for bulk furan-levulinic acid-

blend polymer showed a conspicuous band at a frequency of 1710 cm" 1 and

weak bands at 1560 and 1420 cm- 1 . The prominent absorption at 1710 cm-1

is due to the stretch vibration of carbonyl groups (C-0) of levulinic

ester formed by cleavage of furan rings and of reacted or unreacted levu-

linic acid. The peaks at 1560 and 1420 cm'1 are of approximate equal in-

tensity and can be assigned to the asymmetric and symmetric stretching vi-

brations of carboxylate anion (COO-) groups derived from the analogy of

the ionized carboxyl groups. Of interest are the noteworthy changes in

intensity at these frequencies that occur as the hopeite content in the
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composite systems is increased. As is evident from the figure, the inten-

sities of COO- bands at 1560 and 1420 cm- 1 increase markedly with increas-

ed hopeite concentrations. Conversely, the C-O band at 1710 cm"I tends to

shorten with growth of the COO- bands. From the viewpoint of interfacial

chemical affinity, these results apparently demonstrate that OH groups on

the hopeite surface can hydrogen bond with the carbonil oxygen atom in

the polymer molecules. Thus, the C-O stretching frequency of polymer de-

creases upon hydrogen bond formation through the carbonyl oxygen, whereas

that of the asym.etrical and symmetrical stretching vibration of COO-anion

groups shifts to a higher frequency.

In practice, the rate of hydrogen bond formation between the C-O

groups in the polymer and the OH groups on hopeite is directly related to

the intensity of an absorption band or the absorbance at any given fre-

quency. This bond rate as a function of hopeite content, from C to 70%,

was quantitativelyr estimated by comparing the absorbance ratio of the C-O

ftequency at 1710 cm- 1 with that of the CO0" at 1560 cm- 1 . 'the absorbance

at a given wave number can be calculated by using a Beer-Lambert law as

shown below:

D, log (loX/Ix),

where Dx is the absorbance at wavenumber X, Io is the intensity of

incident radiation, and IX refers to the intensity of transmitted radia-

tion. For quantitative analysis by IR spectroscopy, the peak height or

the area of the band is usually taken as the criterion of band intensity.

Therefore, an accurate measurement of band intensity is required. The

value of transmittance (1oX) at the base of an absorption band was de-

termined by the use of the horizontal baseline connecting the two wings of

the complex bands.

As shown in Figure 32, the plot of the absorbance ratio as a function

of hopeite concentration exhibits a direct linear relationship. This in-

dicates that the intensity of the band characteristic of CO0 form.tion

becomes stronger as the C-O group band intensity decreases. Accordingly,

it appears that the OH groups formed on the outermost surface of hopeite
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layers are accessible to electron donor-acceptor interactions to form hy-

drogen bonds. This fact further suggests that a large hopeite surface

area, corresponding to the presence of a plentiful supply of polar OH

groups on the outermost surface sites, is more strongly chemisorbed by the

fuactional resin than a smaller surface area. This effect leads to an

increase in the strength of the mechanical bonding at the interfaces.

A possible interpretation for the facile resin mobility at the liquid

resin-hopeite interfacial regions can be developed from the nature of hy-

drogen bond mechanisms. When a resin, initially in a liquid state, is 2-
brought into contact with the hopeite films, the functional groups in the

liquid resin are mobile enough to migrate to the polar OH group sites on

the film where the energetics of adsorption to form the hydrogen bonds are

particularly favorable. This behavior may be explained using a model for

a charge transfer bonding mechanism witich predicts that the functional

groups will bond strongly to an oxygen atom forming metal-oxygen-resin

complexes. Charge transfer leading to the formation of chelate-type corn-

plexeo is much more common and seems to occur on most C-O containing resin

surfaces. These C-0 groups can 3te- from carbonyl, carboxylate, ketone,

or other functional groups.

A study was conducted to elucidate the role of crystallized water,

often called hydrates, in hydrogen bond behavior. The water molecules of

crystallization are stable enough to remove water vapor from ordinary air

at ambient temperature. As mentioned earlier, the presence of these

thermally stable water molecules can be identified by the IR frequency t

1620 cm- 1 which is assigned to the bonding vibration of water crystalliza-

tiou. Therefore, the rate of hydrogen bond formation of the water mole-

cule with the C-0 groups in the copolymer may be estimated on the basis of

data obtained from quantitative analysis by IR spectroscopy. The analyti-

cal work was focused upon the changes in the absorbance ratio of C-0 bands

at 1710 cm- 1 and H2 0 bands at 1620 cm" 1 . The samples for IR studies were

prepared by mixing equal parts of initiated furan-levulinic acid blend re-

sin and hopeite powder. To study the hydrogen bond reactiov of C-O groups

and H20 groups, the concentration of levulinic acid reagent in the blend
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resins was varied, ranging from 0 to 40% by weight of total resin mass.

IR spectra were recorded for samples prepared in the form of conventional

KBr discs.

Figure 33 shows the changes in absorbance ratio which are calculated

from the peak intensities at the two frequencies (1710 and 1620 cm'l), as

a function of the levulinic acid concentration. The data indicate that

the absorbance ratio gradually increases with an increase in the amount of

levuliniz acid. The absorbance ratio for the sample containing 40% levu-

linic acid was more than three times greater than for the sample without

the levulinic acid. The reduction in the intensity of the H2 0 frequency

at 1620 cm t 1 with increased C-0 groups is due to a lowering of the H-0-H

bond order by formation of the hydrogen bond, -C0-- H2 0. As is evident

from the above results, an interesting speculative possibility is that the

water crystals formed on the hopeite layers play an essential role in

binding the oxide film-polymeric coating units together, thereby producing

good adhesion. All available crystallized H2 0 at the outermost sites of

the hydrated hopeite surfaces reacts chemically with the numerous func-

tional groups modified by addition of the levulinic acid to the furan.

Subsequently, the proton-doratiag ester and carboxylic acid groups chemi-

sorbed strongly with the polar OH groups are converted into carboxylate

anions which induce hydrogen bonding as a result of acid-base and charge

transfer interactions. It should be noted that the rate of hydrogen bond

formation between the functional groups and the H2 0 groups can be estima-

ted by determining quantitatively the reduction rate of the IR peak inten-

sity at 1620 cm'-.

F. Conclusions

It appears that for a metal substrate surface to achiave good bonding

with polyelectrolyte macromolecules, the interface and interfacial regions •

should have the following surface activation elements: (1) a highly crys-

tallized oxide layer consisting of an open surface structure, (2) an ade-

quate crystal thickness, (3) the presence of rich polar hydroxyl groups

formed on the metal oxide surfaces, and (4) minimal free divalent metallic

ions on the oxide films.
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An essential prerequisite for attaining good adhesion of macromol,-

cules to hydraLtd oxide metal surfaces is that macromolecules having

regularly oriented pendent COOK groups must continuously wet the rough

surface by spreading on and penetrating into the open surface microstruc-

ture and microfissures of the weide films. Subsequemtly, the proton-
i ~donating COOK! groups chsemsotbed estrougly with the polar OR groups at

hydrated oxide surface sites must be converted into carboxylic anions

which induce strong ionic bonding as a result of acid-base and charge
transfer interaction mechanisms. The mechanical interlocking and chemical

ionic bonds rmed at the pore wall, which are normal to the oxide hydrate

films, are primarily responsible for the molecular orientation. The pre-

ferred macromoltcule orientations in the polymer layer contribute signifi-

cantly to the development of the Interfacial bond strength, whereas the

conformation change caused by the frees-iou-complexed molecular structure,

resulting in coiled-up macromolecules, is likely to result In a decrease

in Interfacial bonding forces.

On the basid of the experimental results and analysis, the following

physico-chemical factors significantly affect the adhesion of levulinic

acid-modified furan polymer to crystalline hopeits films deposited on

metal surfaces. The ature of the interfacial attraction which can be

modified to achieve good bonding at the hopeite fila-modified furan poly-

net interfaces, was influenced by the following three elements: 1) Mech-

anical interlocking bonds which are provided by the degree of the surface

roughness of the substrates, 2) spreading forces of the deposited hopeite

polar film by the functional liquid resins, and 3) chemical Lntereolecular

* attractions.

The highly crystallised trLclLuLc hopeite has a considerable deposi-

tion weight, and a typical surface topography comprising a dendritic

microstructure array of an interlocking rectangular crystal was confirmed.

This structure was found to be the primary factor contributing to the in-

creased mechanical Interlocking forces associated with the mechanical

anchoring of the polymers yielded by penetrating liquid resin into the

open surface microatructure and microfissures of the films. The extent

"* of hopeite-polymer Interlocking depends mainly on the thickness of the
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hopeite crystals, the polar H20 groups at the crystal surface sites, and

the reactive molecular structure of the liquid adhesives. The coordinated

and crystallized H2 0 molecules existing at the outermost surface of the

films weot found to play an essential robe in wetting the furan blend re-

sin containing a levulinic acid admixture which has functional carboxylic

acid groups In the molecules. Thus, the presence of a plentiful supply of

polar H2Pl groups on a hopeite film surface with a crystal thickness of

"-200 we acts as a good spreading key in promoting mobility of the func-

tional resins. The ability of furan coatings to interact chemically with

the hopeits surfaces can be modified by incorporating an adequate amount

of levulinic acid. Hopeite-to-functional blend polymer chemical affinity

is due mainly to the intermolecular attraction resulting from the forma-

tLon of strong hydrogen bonds, COO0....H 2 0, between the carboxylate groups

derived from levulinic ester or acid and the water molecules of hydration

at the hopeLte surface sites.

IV. CHARACTERISTICS OF POLYELECTROLYTE-MODIFIED ZINC PHOSPHATE
CONVERSION PRECOATINGS

Although zinc phosphate treatments are considered to be effective

for protecting cold-rolled steel plates, the crystallfue sine phosphate

(Zn.Ph) conversion precoats deposited on the substrate surfaces are

often porous, and as a result, Ineffective. In addition, the resultant

crystal structure and film thickness play major roles in restraining

physical deformation failures of the metals. Increased coating thickness

results in increased brittleness, thereby enhancing the potential for

failure during flexure or other deformation.

The introduction of polyelectrolyte macromolecules into the zinc

phosphating liquid was found to significantly improve the stiffness, the

ductility, resistance to moisture permeability, and the paint adherent

properties of Zn- Ph conversion layers. Therefore, an aim in the study

was to comprehensively elucidate how the polyelectrolyte containing

Zn.Ph conversion crystal film contributes to the Improvement in the con-

* trollability of crystal thickness, the wettability by liquid resin, and

Sthe adherent properties to polymeric topcoat systems.
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A. Materials

The metal used in the experiments was nondesulfurized mild carbon

steel consisting of 0.18 to 0.23% C, 0.3 to 0.6% Mu, 0.1 to 0.2% Si, and

<0.04% P. Fine crystalline polyacrylic acid (PAA) complexid sinc phos-

phate hydrate films were deposited onto the metal substrate surfaces. The

sinc phosphating liquid consisted of 9 parts siuc orthopbosphate dihydrate

and 91 parts 15% H3P04, and was modified by incorporating a PAA polymer at

concentrations ranging from 0 to 4.0% by weight of the total- phosphatiug

solution. Commercial PAA, 25% solution in water, having an average molec-

ular weight in the range of 5 x 102 to 5 z l05, was supplied by Scientific

Polymer Products, Inc. The PAA- Zn-Ph composite conversion film was

deposited on the metal- substrates by immersing -the metal for 10 hr in the

modified zinc phosphating solution at 800C. After depositing the con-

posits conversion films, the substrates were left in a vacuum oven at

150oC for -5 hr to remove any moisture from the film surfaces and to so-

lidify the PAA macromolecules.

Commercial-grado polyurethane (PU) 1313 resin, supplied by the Lord

Corpoivation, was applied as an elastomeric topcoating. The polymerization

of PU was initiated by incorporating a 50% aromatic maine curing agent

M201. Furan (FR) 1001 resin employed as a glassy topcoating system was

supplied by the Quaker Oats Company. The condensation-type polymerization

of the FR resin was Initiated by the use of 4 wtZ QuaCorr 2001 catalyst,

which iL an aromatic acid derivative. These initiated topcoatings were

cured in the oven at a tesperature of 80°C.

B. Measurements

The Image analysis of surface microtopography, measur.ment of crystal

thickness, and quantitative multi-element analysis of subsurface composi-

tion for the chemically treated metal surfaces were conducted with an AHR

100-4 scaunnig electron microscope associated with 0.5-2000 energy disper-

sive X-ray spectrometry.
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A Perkin-Elmer Model 257 spectrometer was used for Internal reflec-

tion infrared (IR) spectroscopic analyses. To detect the presence of the

functional organic polymers in the conversion complex films and to esti-

mate the concentration, IR spectra were obtained for samples preparede in

the form of KBr discs. The samples were powdered before mixing aud grind-

In& with KBr.

Quantitative elemental information and identification of chemical

states at the surface of PAA-zinc phosphate composite crystal layers can

be obtained on the basis of the peak heights, precise determination of

bonding energies, and peak shapes deduced from x-ray photoelectron spec-

troscopy (XPS) tnalytical techniques. XPS spectra of sample surfaces. were

taken using a CLAM 100 Model 849 Spherical Analyzer operating in a vacuum

of 10-8 to l0"9 Tort. Measurements were made with At Ka radiation.

X-ray powder diffraction (XRD) analyses were employed to identify the

Zn.Ph compound layers deposited on the treated metal surface. To pre-

pare the fine powder samples, the deposited oxide layers were removed by

scraping the surfaces and were then ground to a size -325 mesh (0.44 am).

The magnitude of the wetting force of the modified metal surfaces by furan

resin coatings was measured using a Contact Angle Analyzer In a 60Z R.H.

and 240C environment. All the data were determined within 30 sec after

drop application.

In the support of XRD data, a DuPont 910 Differential Scanning Calori-

meter with a heating rate of 10OC/aIn in N2 gas was used to determine the

thermal decompositions of the identified Zn.Ph compound phases.

In an attempt to evaluate the mechanical properties of the layers,

the stress-strain relation and modulus of elasticity in flexure were de-

termined using computerized Instron Flexure Testing Systems, operating at

deflection rates of 0.5 to 0.05 mm/mIn. The determination of the stress-

strain curve was made on the tensile zones of metal plate specimens,

6.2 cm long by 1.3 cm wide by 0.1 cm thick, subjected to three-point

bonding at a span of 5.0 cu.
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Modulus of elasticity, tensile strength, and elongation tests for the

cured topcoat polymers were performed on dumbbell-like samples 7.0 ca long

and 0.5 cm wide at the namr -t section. Stress-straLn diagrams were ob-

taLned with a tensile tester having a cross-head speed of 0.5 um/mmn. All

strength values reported are for an average of three specimens.

Peel strength4O tests of adhesive bonds at the polyurethane topcoat

modified metal substrate interfaces were conducted at a separation angle

of -1800 and a croashead speed of 5 cm/mmn. The test specimens consisted

of one piece of flexible polyurethane topcoat, 2.5 by 30.5 cm, bonded for

15.2 ca at one end to one piece of flexible or rigid substrate material,

2.5 by 20.3 ca, with the unbonded portions of each member being face to

face. The thickness of the polyurethane topcoat overlayed on the complex

crystal surfaces was -'0.95 -.

The lap-shear tensile strength of metal-to-metal rigid furan adhe-

sives was determined in accordance with the modified ASTM method D-1002.

Prior to overlapping between metal strips 5.0 cm long, 1.5 cm wide, and

0.2 cm thick, the 1.0- x 1.5-cm lap area was coated with the initiated

furan adhesive. The thickness of the overlapped film ranged from I to

3 nil. The anstron machine was operated at a cross-head speed of 0.5 mnm/

min. The bond strength values for the lap shear specimens are the maximum

load at failure divided by the total bonding area of 1.5 cm2 .

C. Deposition Weight and Thickness

The investigation to determine the ability of PAA polyelectrolyte

macromolecules to decrease the quantity of crystalline Zn-Ph conver-

sion deposits was conducted using the following test procedures: the PAM

macromolecules in amounts ranging from 0 to 2.02 by weight of total zinc

phosphating liquid were dissolved in the phosphating solution by stLiring.

The polished metal plates were then immersed for up to 20 hr in the phos-

phating liquid with and without PAA at 800C. Imediately after immersion,

the plates were placed in a vacuum oven for 10 hr at 1300C. The surface

of the dried plate was then washed with acetone solvent to remove the
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multiple-layer PAA polymer coating from the deposition films and then

rinsed with water. The deposition weight, e~xpressed as mg/cm2 of treated

metal surface, was consequently determined by a method in which the con-

version crystal film was removed by scraping the surface of a weighed

plate, and the plate was reweighed.

The results from the above tests are given in Figure 34. The result-

ant weight vs immersion time curves indicate that the coating weight pro-

duced from the PAA-modified phosphating or unmodified liquids tends to

increase with soaking time. For the oxidizing solution without PAA, the

coating weight after a I hr phosphate treatment was increased by a factor

of 2.7 by extending the immersion time to 20 hr. As is evident from the

figure, the coating weight can be reduced by adding PAA, and the amount

seems to correlate directly with the PAA concentration. At a phosphating

age of 20 hr, the addition of 2.0% PAA produced a coating weight of 7.9

mg/cm2 . This is 30% less than the value obtained using a phosphating

solution without PAA for the same period of time. Thus, the presence of

PAA macromolecules in zinc phosphate treatment processes reduces the coat-

ing weight, which could be economically desirable.

To further clarify the effects of PAA macromolecules on the coating

weight, the extent of the conversion crystai growth deposited on metal

surfaces was assessed using scanning electron microscopy (SEM). This

technique is particularly useful since, with the aid of a stereo viewer,

the crystals can be viewed in three-dimensional relief. Samples measuring

6 x 2 x 1 mm were used to determine the approximate thickness of the crys-

tals produced by zinc phosphate treatment lasting 7 hours. The specimens

were prepared by cutting a center portion of a larger-size metal plate

with a diamond wheel. The SEM examination was focused primarily on the

edge view of sliced sections. Figure 35 shows SEl photomicrographs of
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crystalline films deposited on metal surfaces treated with PAA-modified

and un-modified phosphating liquids. The coarse crystals (Figure 35-a)

produced by immersing the metal substrate in the conventional phospheting

liquid for 7 hr were -120 on thick. In contrast, the coating deposited

from a solution containing 3.0% PAA was considerably thinner and was com-

prised of relatively fine crystals (see Figure 35-b).

A curve of average crystal thickness as a function of PAA concentra-

tion was prepared by direct SEM observation of edge views in accordance

with the procedures described above. This curve is shown in Figure 36.

The zinc phosphate treatment time for all specimens uaed in this study was

7 hr at 80 0 C. As is evident from the figure, the conversion crystal

thickness decreases dramatically with an increase in the PAA concentration

in the conventional phosphatinS liquid. Over a PAM concentration range

from 0 to 4.0%, thickness varied between -120 and "-35 lrm. The presence of

4.0% PAA in the solution reduced the thickness to less than 30% of that

from the conventional liquid. Although not shown in the figure, it was

not possible to deposit a coating on the metal substrate when 7.0% PAA was

added. It is apparent that when water-soluble polyslectrolyte macromole-

cules having an average molecular weight of 104,000 are used as a deposi-

tion-reducing admixture, the concentration of the macromolecules in the

phosphating liquid must be carefully estimated In order to produce a crys-

tal film of the required thickness and coating weight.

The amount of the PAA polymer deposition on the metal substrate sur-

faces can be estimated by using IR absorption spectroscopy. Since the

conversion of the PAA solution to a solid polymer is essentially completed

during the process of drying the deposited film surfaces at 150 0 C, the

powder samples for IR studies were made by scraping the formed PAA-zinc

phosphate composite crystal surfaces. IR spectra were then recorded for

the samples prepared in the form of conventional KBr discs. The composL-

tion of the PAA-modified phosphating liquid was adjusted by varying the

concentration of the PAA solution in the range of 0 to 3.0%.
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Figure 35. SEN micrographs of edge views Of zinC Phosphate Crystal S*ctionss Metal Surface
treated with conventional phosphating solution (a), and surface produced with a
3.0% PMA-modified phosphating liquid (b).
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The analytical work to compare the quantity of tha deposited PAA

polymers was focused on the changes in band intensity of the carbonyl

C-0 at 1710 cm"1 and the CH of saturated methylene at 11,O cm"' which

represent the pendent and main chain groups in the PAA polymer qtructure. *

Figure 37 shows the resultant IR spectra for these specLmerss over the fre-

quency range of 1900 to 1300 cm"1. Referring to the figure, the couspi- a

cuous band at 1630 cm"1 for all specimens is assigned to *he crystallized

water of Zn.?h hydrate films. Also, the intensities of the peaks at

1710 and 1440 c"'1 gradually increase as the PAA concentration is increas-

ed. This implies that the quantity of PAA polymer deposited is directly

proportional to the amount added to the phosphating liquid:.

D. Surface HLcrotexture

The nature of the microtexture of the surface of the unmodified and

the PAA-modified Zn Ph crystal coatings was studied by use of scanning

electron microscopy (SElf). Figure 38 shows electron micrographs of the

surface microstructure of the deposition compounds prepared by soaking the

metal substrate In the conventional and PAA-modifLed phosphating liquids

for -20 hr. The conversion coating produced with the conventional liquid

(see Figure 38-a) is characterized by the formation of a pronounced

dendritic microstructure of triclinic Zn.Ph crystals. This morphologi-

cal image indicates an interlocking structure of rectangular-iike crystals

which produces an extremely rough surface texture. In contrast, the metal

specimens treated with PAA solutions had a much smoother surface. Figures

38-b and c show microtexture views of 0.5% and 2.0% PAA-treated metal sur- L
faces, respectively. As seen in the photomicrographs, the topographical

features were progressively changed from rough to smooth by increasing

cor-centrations of the PAA solution. This is probably due to the multiple

PAA polymer layers forming continuously on the surface of the conversion

crystal film. However, the thickness of the overlaid PAA polymer films

was not determined in this study.

It was presumed that the cured PAA polymers would produce a mecha-

uically stable coating due to the formation of strong interlocking forces

associated with the anchoring of the polymers Into the open surface
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figure 38. Pb. otomcrographs of metal surfaces treated with conventional
and FAA-modified phosphating liquids: 02 FAA (a), 0.5% PMA (b),
and 2.0% FAA (c).



mtcrostructure and microfissures of the crystal films, and the formation

of chemical Intermolecular attractions with the conversion Zn-Ph coz-

pounds. Detailed Information regarding the latter will be discussed later

* in this paper. The thin PAA film formed on the crystals may also act to

enhance the adherent properties of protective polymer topcoat systems be-

cause of the presence of functional carboxylic acid groups in the PAA

molecular structure.

Since the PMA overlayers can be removed by rinsing with an organic

solvent, considerable attention was given to the contrast between the sur-

face topographical features of the conversion coatings after the PAA was

removed. Metal surfaces used in the test series were treated with 0, 0.5,

1.0, and 3.0% PMA-modified phosphating liquids, and then washed with ace-

tone to remove any PAA polymer, rinsed with water, and dried in a vacuum

oven at 150 0 C. Resultant SEN photouicrographs are presented in Figure 39.

Visual comparison of these micrographs, shows the dimensions of the de-

posited crystals to decrease with increasing quantities of PAA in the con-

ventional phosphating liquid. The micrograph of the conventional surface

treatment (see Figure 39-a) indicates a dense agglomeration of rectangu-

lar-like crystals -20 us in length. Short rectangular-shaped crystals,

-320 um in length, are produced by the addition of 0.5% PAA (Figure 39-b).

With 3.0% PAA, the crystal size is -240 Un, -43% smaller than the conven-

tional crystal. Unfortunately, the reason for this is not evident. From

the viewpoint of surface topographical features, examination further Lndi-

cated that the uniformly confLgurated conventional Zn.Ph crystal Is con-

verted into randomly distributed fine crystals as the PAA concentration is

increased. This may be due to the chemical transformations of the conven-

tional crystals by polyslectrolyte macromolecules.

E. Chemical States of Surface and Subsu-face

The energy-dispersLve x-ray (EDX) spectrometer coupled with SEM has

a high potential for the quantitative analysis of any selected elements

which exist at solid composite material subsurfaces. Its application can

greatly enhance the results as well as facilitate the interpretation of

SEN studies. EDX spectra for conventional Zn-Ph and 3.0% PAA-modified
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Zu.Ph composite film surfaces &re shown in Figure 40. The abscissa of

the spectrum is the x-ray energy characteristic of the element present,

and the intensity of a gross peak count is related directly to the amount

of each element present. As seen in the figure, it appears from the two

strong peak intensities that the predominant elements in either the single

or the composite couversiou coatings are Zn and P atoms. Comparison of

count rates for the Zn and P peaks indicates that there Is more Zu in the

coating system than P. Detailed information regarding the Zn-to-P count

ratio as a function of PAA concentration will be discussed later. The

spectra also exhibited a weak peak of Fe, which is produced by the oxida-

tion of metal surfaces. Since photo-excited EDX is useful for the elemen-

tal analysis of layer, which are several micron thick, the Fe peak sug-

gesots that some Zu at distances up to several microns from the composite

film surface is likely to be replaced by fe.

Changes in the peak Intensity of Fe by varying PAA concentrations are

also of interest. In Figure 40-b it is apparent that the Fe peak frequeL-

* cy for the 3.0% PAA composite layer is much stronger than for te cnyonvn-

tional phosphate coating. Although not illustrated in the figure, the Fe

frequency was observed to grow with an increasing PAA concentration. This

implies that the thinner crystal deposition layers produced by Incorpora-

ting large amounts of PAA solution consist of hybrid compounds of zinc and

ferrous phosphate hydrates.

The EDX studies were also focused on the variation in Zn and P peak

intensities for composite subsurfaces before and after rinsing with ace-

tons solvent. Figure 41 illustrate* EDX survey spectra for unrinsed and

the acetone-rinsed 4.0% PAA composite subsurfaces. The spectrum for the

untreated composite layer (Figure 41-a) Is characterized by the conspicu-

ous frequency of Zn which is the dominant element in this system. In con-

trast, the spectrum for the subsurface composite disclosed by removigug the

PMA sacromolecular overlayer from the crystal surfaces (Figure 41-b), ex-

hibited a noticeable transmutation, namely, the.intenaity of the Zn peak

became such weaker compared to that of P. Even when smaller concentra-

tions of PAA were used to modify the conventional Zn.Ph layers, similar

spectral features were recorded for the acetone-treated composite coating
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Figure 41. EDX spectra of untre.ated (a), and acetone-treated 4.0% PMA-modified
zinc phosaphate composita coating surfaces (b).
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subsurfaces. This surprising result seems to demonstrate that a certain

amount of Zn is transferred to the interfacial contact layers of PAA mac-

romolecules from the outermost Zn*Ph surface site. Hence, it was con-

cluded that the transitional ZU element existing in the Zn-Ph molecular

structure results in strong interfacial Intermolecular attraction with the

functional groups of PAA polymers.

The degree of the chemical attraction between the PAA and the Zn

element can be quantitatively analysed by comparing the ratio of Zn to P

atom peak counts for the acetone-treated composite surfaces. An aim in

the acetone treatment for the composite surfaces was to remove not only

the bulk PAA polymer overlaid on the crystal surfaces, but also the PAA-

based reaction products formed at the interface. For comparison purposes,

Zn to P count Patios for untreated surfaces were also computed. These

analytical results are listed in Table 3. For the untreated composite

layers, the data indicated that the Zn/P count ratio did not change very

much with increased PAA concentration. Ratios ranged from 1.28 for the

conventional siuc phosphate layers to 1.34 for 2.02 PAA-modified composite

coating surfaces. In contrast, the Zn/P ratio values for the acetone-

rinsed composite surfaces appear to be affected by the PAA content. As is

evident from the table, the Zn/P ratios tend to decrease with an ,screase

in PMA macromolecules. The value of 0.77 at 2.0% PAA is "-40% lower than

that for samples without PAA. This correlation suggests that the poly-

electrolyte macromolecules have a stronger chemical affinity for Zn than

for P. Consequemtly, the Zu bound chemically to the PAA migrated as a

result of the rinsing with acetone. Prom these observations, it can be

speculated that when the polyacid is introduced into the sinc-phosphating

liquid, an appreciable number of divalent Zn Lows are preferentially taken

up by the functional carboxylLc acid (COON) pendent groupein -the PAA Mac-

romolecules which appear to act as a miniature Lou-exchang system. The

binding of the Zn Loss may be essentially electrostatic in character,

since ordinary equilibrium considerations cannot account for the binding

quantitatively. 4 6 Hence, the reversible "lt complex formation consist-

ing of COO" Zn 2 4 coordinated groups could be obtained by a charge transfer

interaction between the carboxylate anions (COO-) fored by- the proton
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TABLE 3

Ratio of Zu to P Atom EDX Gross Peak Counts for PAA-Zinc Phosphate

Composite Films Before and After Rinsing With Acetone.

Zn/P Ratio
PAA,

% Untreated
composite layers After rinsing with acetone

0.0 1.28 1.28

0.5 1.39 0.87

1.0 1.30 0.81

2.0 1.34 0.77
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donor characteristics of the COOH groups and the active neucleophilic Zn2+

ions dissociated from ZU 3 (PO4 ) 2 .2H 2 0 in the phosphating solutions. The

formation of the complex structure which involves Lutramolecular pairs of

COO- groups associated with Zn ions in the zinc phosphate depositing

stages may play a key role in restraining the conversion crystal growth,

resulting in the production of a finely crystalline Zn.Ph deposition.

Accordingly, considerable attention was given to understanding the

nature of the interaction at PAA-Zn interfaces during the transformation

from a solution state to a solid conversion film. Assuming that the ior-

mation of the interfacial bonding is a local phenomenon involving only a

few atom layers of PAA and Zn, a highly sensitive analysis technique such

as x-ray photoelectron spectroscopy (XPS) was considered as appropriate

for obtaining reliable information regarding the cheuical Interfacial in-

teractions. XPS can be used to identify the chemical states and to obtain

quantitative elemental analyses of thin surface layers ranging from 5 to

50 Z. Identifications can be made from precise determination of binding

energies, peak shapes, and other spectral features. Quantitative analyses

are made from XPS peak heights or areas. In our approach to the inter-

face, it was considered disirable to investigate the interface before the

occurrence of mechanically or chemically induced failure. Therefore, the

surfaces of compcsite layers containing the PAA overlayers were studied to

determine the nature of chemical interactions. Three coating surfaces,

conventional zinc phosphate and I.0% and 2.0% PAA-modified Zn.Ph, were

employed in this test series.

Resultant XPS spectra indicated only four elements--Zn, P, 0, and

C--to be present on the composite coating surfaces. On the basis of the

binding energies (*V) of their XPS lines, the chemical states of Zn and P

are assigned to the zinc and phosphorous compounds and carbon is attribut-

ed to the organic PAA polymers. Oxygen is present In both the inorganic

compounds and PAA layers. The presence of Fe in the several-micron-thick

crystal layer, which was clearly confirmed by EDX spectra, could not be

identified on the XPS spectrum. This indicates that Fe atoms do not ex-

ist within 5 1 of the top surface of the composite coatings.
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Figure 42 shows typical survey spectra of the zinc 2p,,2 and

2p 3 / 2 cora levels and illustrates differences in peak shape and peak

intensity between unmodified and PAA-modified phosphate layers. The I
spectrum of the control surface is characterized by photoelectron peaks at

two levels of adsorption in the binding energy ranges of 1048 to 1046 eV

and 1024 to 1023 eV. It is of intarest that these double peaks were

shifted to single peaks by the incorporation of PAA. The spectra also

show that the relative peak intensity tends to decrease with increasing

PAA concentrations. In contrast, no significant changes in peak intensity

and binding energy were observed from the phosphorus 2p core level spectra

of the PAA-Zn-Ph system layers. This is shown in Figure 43. The phos-

phorus 2p peak shapes for 1.0% and 2.0% PAA-modified composite layers are

quite similar to the peak shape of the control layer and have adsorption

levels at -135.5 and -134.3 eV. These risults clearly suggest that the

functional PAA macromolecules are more strongly bound to the surface ZU

atom rather than to an inert P atom. Figure 44 exhibits XPS signatures of

oxygen 1S core levels. For the control layer, the peak at 532.9 eV

assigns to the oxygen as P-O and Zn-O bonds. However, it is not yet clear

whether it will be possible to distinguish the oxygen from either P-O or

Zn-O. As is evident from the figure, the oxygen peaks associated with the

presence of PAA are shifted slightly to higher in binding energies. The

shifting peak was 0.8 eV higher than the control layer. This difference

implies thit the oxygen induced from the PAA-overlaid composite layers is

related to that of COOH groups located in the pendent sites in the PAA

molecular structure. For the Os peak for the PAA composite layers, the

peak intensity at 2.0% PAA is fairly weak compared to that for 1.0% PAA.

This seems to suggest that the presence of a large number of COOH groups I
leads to a stronger chemical affinity for the zinc atoms.

The chemical accessibility of the COOH groups to the Zn atom can be

estimated from the shift in binding energy of carbon 1S at -290 eV which

ascribes to the polar C-O groups. To obtain this information, two dif-

ferent PAA-Zn.Ph composite layers were used. One was a PAA-modified

phosphate crystal conversion film produced from a 0.5% PAA-zinc phosphat-

ing mix liquid; the other was a PAA-coated crystal layer formed by means

of vacuum vapor deposition of the PAA solution on a preformed phosphate
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crystal surface. The latter was prepared on the assumption that a strong

chemical interaction at PAA-Zu atom interfaces would not occur. Two C s

J. spectra for these layers are illustrated in Figure 45. The spectrum for

the PAA-coated layer exhibits a predominant peak at 284.9 eV and a minor

peak at 289.8 eV. The former binding energy is associated with the

.characteristic alkane line contribution expressed in terms of the backbone

"carbon, and the latter reveals the C-0 in the pendent COOH groups. When

compared to the two peaks for the coated layer, conversion layer peaks are

"s"if ted significantly to a high binding energy. The difference between

the binding energy values was 1.4 eV for the alkane line and 0.6 eV for

the C-0. The figure also shows that the peak intensity of the alkane line

for the conversion layer is approximately the same as for the coated

layer. In contrast, it appears that the peak *ntensity of the C-0 is

considerably greater than for the coated layer. This change in peak shape

and increase In binding energy is probably due to the strong accessibility

of the functional side COOH groups to the metallic atoms. On the other

hand, the strong increase in bonding energy of the alkane line for the

conversion layer is likely to represent changes in conformation of the

linear backbone chains which are assumed to be planar or zigzag.

From the results of the above EDX and XPS spectra analyses, it is

speculated that the interfacial interaction between COOH and Zn which

transforms the PAA-zinc phosphate solution into solid composite films is

due to the following hypothetical mechanisms: the proton-donating func-

tionp'l COOH groups chemisorbed strongly with the Zu atom at the outermost

surface sites of Zn.Ph crystal layers are converted into COO- anions.

These anions induce strong ionic interactions associated with charge

transfer bonding mechanisms. Subsequently, the converted COO groups are

transformed into unique bridge formations through a cross-linking reaction

with Zu atoms. Hence, increased amounts of PAA will increase the degree

of the cross-linking reaction. This also suggests that the chemical

"effect of the surface Zn atoms results in intermolecular bridging, which

acts to connect the PAA macromolecular and the zinc phosphate layers. On

the other hand, the newly formed CUO-Zu bond may act to break the original

zinc-oxygen bond in the zinc phosphate molecular structure. In fact, as
p *
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confirmed from the EDX spectra analysis, the removal of Zn-complexed PAA

"macromolecules by rinsing with acetone solvent apparently confirmed that

the original Zu-0 bonding force is much weaker than the COO-Zn bond. The

tightly bound oxygen-phosphorus Joint in the crystal molecules is likely

to be unaffected by CO0-Zn complex formations.

4 The reduction of Zn-O bonding forces caused by increasing PAA concen-

. tration was qualitatively interpreted using IR spectrometry. IR measure-

ments were made on PAA-cross-linked Zn.Ph powder samples (size 0.04 mm)

removed by scraping the substrate surface. The IK spectra for the samples

prepared in the form of KBr discs were recorded in the range 1200 to 1000

cm 41. The resultant IR spectra for all the Zn.Ph samples modified with

up to 3.0% PAA were characterized by the presence of two conspicuous

absorption bands. Table 4 presents the positions of the two bands ob-

tained in this study. In the 0.5% PAA-Zn-Ph system, the first absorp-

tion band at 1110 cm 1• would seem to be due to the P-0 double bocd, and

the second band at 1030 cm"1 is assigned to the stretching frequencies of

P-0O groups.4 7 As shown in Table 4, the positions of these two bands

tend to shift to lower frequencies as the PAA content Increases. It ap-

pears that the band shift is dependent on the PAA concentrations in the

Zn-Ph hydrate. Even though the position of the Zn-O frequency is not

detectable in the Zn-Ph compounds, it can be interpreted that such a

pronounced shift of both the P-O and P-0- frequencies may be due to the

"reduction of the bonding energy between nonbridging oxygen ion. and zinc

ions in the P-O-Zn units. This implies that the extended PAA-Zu bonding

force leads to a weaker Zn-O bond. However, the t:-ansformation mechanisms

and conversion processes for PAA-cross-linked Zn.Ph layers from its

solution state to a solid film are not evident from these limited data.

Attempts to identify the crystalline conversion products of the PAA-

zinc phosphate systems were made using x-ray powder diffraction (XRD) and

differential scanning calorimetry (DSC). Both are reliable methods for

detecting the constitution and alteration of deposition surface layers.

XRD using Cu Ka radiation at 50 kV and 16 mA and DSC at a heating rate of

10oC/min in N2 gas were conducted on unmodified and 1.0% PMA-modified

Zn.Ph powders.
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TABLE 4

Variation in Infrared Absorption Band Positions For Zinc Phosphate

Compounds as a Function of PAA Content.

Infrared absorption band positions (co'l)
PAA,

% P-O groups P-0" groups

0.5 1110 1030

1.0 1100 1025

2.0 1090. 1020

3.0 1080 1010
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DXD tracings recorded in the diffraction range 4.67 to 2.49 2 for

powdered samples are given in Figure 46. For the control samples, the

strong lines at 4.51 and 2.83 2, the medium intensities at 3.44 and

3.36 2, and the weak diffractions at 3.99, 2.62, and 2.59 2 are near

ly identical to the XRD pattern for zinc orthophosphate hydrate

[Zu3(PO4)2"4H20]. Although the pattern above other weaker line*

which might represent some unidentified phosphate compounds, the major

"phase of crstalline colversion products yielded from the conventional

"" zinc phosphating tzeatment is believed to be hopeits. In contrast, XRD

patterns for the 1.0% PAA composite layer revealed quite different spac-

ings, compared with those of the control. This suggests that the PAA

leads to the transformation of the hopeite into the Zn*Ph compound

"phases having different chemical constituents and structures. The pattern

"in the limtted diffraction regions seems to demonstrate that the trans-

formed deposition layers consist of a hybrid phase of the ternary Zn.Ph-

based hydration compounds. One of these compounds was identified as

tertiary zinc orthophosphate dihydrate, Zn 3 (PO 4 ) 2 .2H 2 0, represented by

"the broad spacings at 3.17 and 2.91 2 and the small diffraction effects

at 3.01, 2.61, and 2.50 2. The presence of other unknown products is

evident from the medium lines at 4.18 and 3.91 2. However, a speculative

mechanism for the transformation into the dihydrate-based Zn.Ph layers

by the PAA is not clear at present. The role of Zn-complexed PAA macro-

molecules in transforming the conventional zinc phosphate molecular struc-

tures remains a subject for speculation and further research is required.

In support of the XRD data, typical DSC thermograms recorded as a

function of temperature during the thermal decomposition of these samples

are illustrated in Figure 47. The thermal Measurements were performed in

the temperature range 500 to 4000C. The thermogram for the control sam-

ples shows endothermic peaks at 800-, 1750, 2250, and 2350C. The very

, •slight endothermic peak at 800C indicates a loss of moisture adsorbed

on the sample surfaces. The prominent peak at 2150C, with an onset

r -115-



14.

0 1
In .4

*0-

CD 0

C0.

00

"as



0 % PAA

0 80

175

00% PAA 25

160 225 310

•Z 243
w

Z 0.5 mcol/sec
1 200

" I|t I I Ii I

50 100 150 200 250 300 350 400

TEMPERATURE, OC

".Figure 47. Typical DSC thermogrAMs for the control and 1.0% PM-odified zinc

phosphate hydrate crystals.

-117-



temperature of decomposition at -1750C, is associated with the dehydration

of the crystallized and coordinated water removed from the samples. The

dehydration can also be :ecognised from an extreme reduction in the ab-

sorption intensity at 1630 cm-1 frequency on the IR spectrum for samples

heated to 2250C. The peak at 235 0 C may mean the approach to the end of

the transition from the hydrated to the unhydrated sinc orthophosphate.

On the other hand, the eadothermal curve for PAA-complexed Zn.Ph Layers

indicates that the major thermal decomposition of the samples begins at

-160oC and the rate of decomposition rises to a maximum. This is followed

by Increasing decomposition heat which reaches a main peak at 200 0 C and

subsequently leads to the generation of a nam endothermal peak at 3100C.

The Latter may represent the temperature approaching the end of the

transition phase. The temperature at this major peak corresponds to a

25 0 C reduction in the decomposition temperature, compared with that of the

control. This shift is likely to be associated with a low degree of crys-

tallinity of the Zn-Ph hydrate formed by the complex reaction with PAA.

The conventional zinc layer Is highly crystalline which results in a brit-

tle nonflexible matArial. The lower crystallinity of the PAA-modified

films makes then more flexible. This is discussed in the next section.

Consequently, the results from the XRD and DSC studies suggest that the

addition of PM to the conventional layers results in the assembly of hy-

brid ZuPh crystalline phases consisting of constituents and a chemical

structure different from those of the conventional film. Furthermore, the

functional polyocid macromolecular acts to reduce the degree of crystal-

linity of the Zn-Ph hydrate deposited on the metal substrate surfaces

and also leads to the production of finely crystallized coating layers.

F. Elastic Behavior

The ductility and toughness properties of the crystalline conversion

film itself are of considerable importance when the physical deformation

characteristics of the metal substrates are considered. For instance, in-

creased thickness of the deposition film layers makes the film increasing-

ly brittle, thereby enhancing the potential for failure during flexure or
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other deformation. Generally, deformation failures of the layers having a

low stiffness characteristic relate directly to the development of micro-

pores and fissures which reduce the effectiveness of corrosLon-resistant

coatings.

Figure 48 is a typical stress-strain diagram for control and 2% PAA-

complexed Zu-Ph layers deposited on metal surfaces. The stress was com-

puted assuming elastic behavior of the flexural member, and the strains

were computed from the deflection measurements.

In the figure, the elastic region is the straight-line portion of the

stress-strain curve from zero strain to the strain at point A. The elas-

tic behavior implies the absence of any permanent deformation, so that

point A is termed the proportional limit of the material. The slope of

the line from the origin to A is the elastic modulus E. Physically, E re-

presents the stiffness of the material to an imposed load. The resultant

flexural w-dulus for PAA-complexed layers was computed to be 9.53 x 106

psi (6.57 x 104 HPa), corresponding to a value more than twice that of the

control specimens. This suggests that the stiffness of conventional crys-

tal layers can be improved significantly by the incorporation of PAA.

The stress associated with the yield point of a layer is represented

by the position of the line ab in Figure 48. The flexural stress at the

yield point for the control was increased by a factor of 1.7 by adding a

2% concentration of PAA. In addition, the stress of the complexed layer

during yielding increased somewhat with an extended strain, and an ulti-

mate stress of 33.6 x 103 psi (232 HPa) was obtained at 1.08% strain.

Further increases in strain resulted in stress reduction. In contrait,

the control exhibitcd no increase in stress after the onset of yielding

deformation was noted. The deformation takes place at an essentially con-

stant stress of 19.2 x 103 psi (132 MPa) until the stress reduction occurs

around 0.75% strain.

The magnitude of the relative toughness of the materials can be ob-

tained from the stress-strain curves by drawing perpendicular lines from

the ends of the curves to the strain coordinates and then measuring the
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total area under the curves. The area for the complex specimen, was con-

siderably greater than that for the control specimens. This apparently

verifies that the deformation nature of the conventional crystal deposi-

tion can be made more ductile by the formation of a complex structuru with

PAA macromolecules.

Figure 49 shows the flexural modulus plotted against PAA concentra-

tion. The curve indicates that in the PAA concentration range from 0.4 to

3.0%, the modulus increases progressively. The maximum flexural modulus

of 99.0 x 105 psi (68.2 x 103) was obtained at a 3.0% concentration, which

is an improvement of more than a factor of 2 over specimens without PAA.

Further PAA additions result in modulus reductions. Similar trends were

observed from the results of stress at the yield points of these speci-

mens. A yield stress of 18.1 x 103 psi (125 MP&) for the control speci-

mens was increased by a factor of 1.7 by the modification with 3.0% RAA.

On the other hand, changes in thickness and fineness parameters of

the deposited complex crystals appear to have a direct effect on the stif-

fness and toughness of the crystalline layers. Therefore, changes in

these parameters resulting from variations in the PAA concentration over

the range of 0 to 4.0% were assessed from SEM images. Factors which ap-

peared to affect the mechanical properties of the crystals were then cor-

related with flexural modulus values for the coatings.

The variation in flexural modulus as a function of the average thick-

ness of the crystal is given in Table 5. It is apparent that the modulus

value increases markedly with a decrease in the crystal thickness, ranging

from 120 to 52 Pm. Further decreases in thickness are likely to result in

reductions in the modulus. The maximum modulus was obtained with an -50

um thick Layer, which is representative of the most suitable crystal

thickness value.

Since the PAA overlayers can be removed with an organic solvent

rinse, considerable attention was given to the contrast between the rela-

tive crystal fineness of the conversion coatings under the PAA. Metal

surfaces used in this test series were treated with 0, 0.5, 2.0, and 4.0%
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TABLE 5

Relation Between Crystal Thickness and Flexural Modulus

P.A, Average thickness, Flexural modulus,
jlE x 1o0 psi (x 103 MPa)

0.0 120 46.2 (31.8)

0.4 82 73.8 (50.9)

1.0 70 86.5 (59.6) ,

2.0 63 95.3 (65.7)

3.0 52 99.0 (68.2)

4.0 35 92.1 (63.5)
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PAA-modif Led phosphating liquids, and then washed with acetone to remove

any PAA polymer. The plates were then rinsed with water and dried in a

vacuum oven at 150oC. The changes in crystal size as a function of PAA
concentration were observed using SEN. Visual comparison of these micro-

graphs confirms that the dimensions -o the deposited crystals decrease as

the quantity of PAA in the conventional phosphating liquid is increased.

The micrograph for the surface treated conventionally indicated a dense

agglomeration of rectangle-like crystals -420 pm in length. This crystal

length was reduced by half by the addition of 2.0% PA. With 4.0% PAA,

the conversion formation conUbsted of short rectangilarly shaped coarse

crys.,ý.s ranging in size from -180 to -20 jim.

From whe viewpoint of surface topographical features, the SEN images

indicated that the uniformly distributed oconventional Zn*Ph crystal is

converted into randomly distributed fine crystals as the PAA concentration

is increased. Thus, the dense arrangement of very fine crystals formed

Lrregalarly on the substrate surfaces resulted in a modulus somewhat lower

than that for layers bavin& a desirable crystal size. The most effective

crystal length tj achieve the high modulus was consequently noted to be in

the range of -200 to 60 iim. The optimum crystal formation, therefore,

appears to be a highly densc agglomeration of complex crystals -50 pm

thick and -60 to 200 um in length. "

The increase Lu the stiffness of the layers is not only due to the

thickness, fineness, and density of the plasticized convert'.on formations,

but also is associated with the average molecular weight of the PAA. The

effect of the PAM molecular weight (N.W.) on the flexural modulus of the

precoat layers was investigated over a M.W. range of 5 x 102 to 2.5 x

L�. I In these stx.dies, the complex precoats were derived from a mix soiu-

tion prepared by incorporating a 3% concentration of the various PAA poly-

mers into the conventional zinc phosphatLng solution. Figure 50 shows the •

correlation between the flexural modulus and the molecular weight of the

PAA. The cuvve indicates that the modulus related directly to the molecu-

lar weight. The use of PAA with a molecular weight of 2.4 x 105 resulted

in the formation of crystal layers having a modulus 1.6 times greater
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than that of the layers produced with PAA of N.V. 5 x 102. The layers

derived from acrylic acid monomer exhibited a modulus of 58.3 x 105 psi

(40.2 x l03 Hipa), '-7 lower than that from N.V. 5 z 102. These results

suggest that the M.V. of the PAA polymer plays an Important role in In-

creasing the stiffness of the complex conversios layers. This increase in

stiffness also increases the ductility.

G. Adhesion at Topcoat/Precoat Interface

Necessary properties for the complex conversion films are chemically

and physically attractive surfaces which promote adhesion to organic poly-

mer topcoatings, and the ability to form corrosion-resistant protective

coatings on metal substrate surfaces. With regard to the former, the pre-

sence of the functional PAA polymer on the complex precoating surface

results in a file which acts in a manner similar to a primer for conven-

tional polymer topcoats. This primer formation displays an ability to

promote bonding forces at the interfaces between the complex precoating

and the polymer topcoating materials. The interfacial adhesive mechanism

was inferred to be due primarily to polymer - polymer chemical affinity.

Hence, it can be expected that the elastic behavior of the precoeting

sites in the chemically bonded interfacial region depends primarily on the

mechanical and adhesive characteristics of the organic materials employed

as the topcoating system. These properties. include the modulus of elasti-

city, tensile strength, and elongation for the polymer topcoat materials

and the bond strength at the topcoat-precoat interface.

A study was conducted to understand the interplay between the topcoat

and precoat in improving the stiffness and ductility of the crystal con-

version layers. The two different topcoating systems described in the

Materials Section, polyurethane (PU) classified as an elastomeric polymer,

and furan (Fi), a glossy polymer, were used in the study. Some mechanical

properties of these polymers are given in Table 6. As is indicated in the

table, the modulus of elasticity for the FR polymer was 2.28 x l05 psi

(1.57 x 103 MPa), greater by an order of magnitude than that of the PU
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TABLE 6

Mechanical Properties of Glassy Furan and Elastomeric Polyurethane

*i Polymers Used as Topcoating Systems

Modulus of elasticity, Tensile strength, Elongation,
Topcoating psi (MPa) psi (MPa) 2

furan 2.28 x 105 (1.57 x 103) 1820 (12.5) 1

polyurethane 1.47 x 104 (1.01 x 102) 3390 (23.4) 1040
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polymer. The tensile strength and elongation values for the elastomeric

PU are considerably higher than those of the glassy FR polymer. The

extremely high elongation of 1040% for the PU is three orders of magnitude

greater than that for the FR polymer (12).

The adhesive characteristics for the elastomeric PU topcoat to the

precoat surfaces were evaluated on the basis of 1800 - peel strength

"tests. The test specimens used to deterulne the bonding force at the PU-

. precoat interface were prepared by overlaying an initiated PU polymer onto

the metal substrate surfaces that had been modified with the zinc phos-

phating solutions containing up to 4% PAA polymer (N.V. 104,000). Over-

laid specimens were then left in a vacuum oven at 80°C for -10 hr to cure

the PU polymer. The 1800 - peel strength tests were performed at room

temperature and the results presented In Table 7, indicate that over the

PAA concentration range of 0 to 3%, the peel strength increases progres-

sively with increasing PAA content. In the absence of PAA, the bond

"strength was 3.88 lb/in. (0.70 kg/cm). The addition of 3% PAA increased

the value by a factor of 2.6. Further Increases in concentration up to

4.0% resulted In a strength reduction.

The failure surfaces generated by peoling were microscopically In-

spected to obtain itformation regarding the failure mode and failure

locus. These observations indicated that although the PU topcoat for the

control specimens without PAA delaminated from the rough crystal surfaces,

.•the failure was clearly cohesive since a considerable amount of the PU

polymer remained on the precoat surfaces. This was probably due to the

strong mechanical interlocking produced by anchoring of the topcoat as a

result of PU resin penetration into the open spaces in the interlocked

crystal Layers. After testing, all of the PU-overlaLd complex precoat

specimens, except for the on containlng 4.0% PAA, exhibited very rough

surfaces an both the peeled PU and precoat sides. This led to extensive

plastic deformation and fibrillation which represent cohesive failure In

the ductile topcoat. This cohesive failure can be interpreted as a well-

made Joint. It is apparent that the highly stable nature of the inter-

phase region is due to direct chemical bonding between the PU and PAA.

"-128-

d



TABLE 7

180 0-Peel Strength of Polyurethane Complex Crystal Coating Interfaces and
Lap Shear Bond Strength of Complex Substrate-to-Furan Adhesives

PAA, Peel strength, Lap-shear bond strength,
% lb/in. (kg/cm) psi (MPa)

0 3.88 (0.70) 640 (4.41)

1.0 5.63 (1.01) 920 (6.34)

2.0 9.41 (1.68) 1160 (7.99)

3.0 10.25 (1.84) 1130 (7.79)

4.0 8.41 (1.51) 950 (6.55)
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• - Inspection of the pooled surfaces of the specimens containing 4.0%

PMA indicated that they were much smoother than the surfaces of the other

specimens and the extent of plastic deformation was much less. This is-

"plies that the failure may have been through a mixed mode of cohesive and

"adhesive failure.

In addition to being affected by the reactive surface nature of the

PAA-complexed precoat layer, the poel strength at the interface was also

found to be dependent upon the average molecular weight (N.V.) of the PAA

polymer used to restrain crystal growth. Figure 51 illustrates the varia-

p. tion in peel strength of PU/precoat interfaces resulting from changes in

N.V. up to 5 x 105. A PAA macromolecule cocentratclon of 31 was used to

prepare the conversion precoating systems in this test series. The data

indicate that the interfacial bonding forces increase notably with in-

creasing N.V. over the range of I x l03 to 1.5 x l0S. The maximum strength

of 10.45 lb/in. (1.87 kg/cm) was attained with a N.V. of 1.5 x l05.

" Further increases in N.V. up to 5 x lO seemed to have little effect on

the bond strength. Although the results are not shown in the figure, the

precoat surfaces derived from PM monomer yielded a peel strength of only

.*• 3.71 lb/in. (0.66 kg/cm). A speculative explanation for the effects of

' N.W. on peel strength is as follows: when the pelyacid macromolecule is

introduced into the zinc phosphatiug liquid system, an appreciable number

of divalent Zn ions dissociated from Zn3 (P04)2 -ZH20 are preferentially

taken up by the functional carboxylLc acid (COON) pendent groups in the

PMA molecular structure which appear to act as a miniature Lon-exchange

-' system. A salt complex formation consisting of COO-Zn 2 + coordiuated

groups could be yielded as a result of the charge-transfer characteristics

of the COOH groups and the active mucleophLlic Zn7+ ions. 4 9 Thus, the

-. " formation of the complex structure, which involves intramolecular pairs of

COO- groups associated with Zn ions, would result in the intermolecular

entanglement and coiling of the PAA macromolecules. The extent of the

entanglement is coonly associated with an increase in the degree of

neutralization. The loss of functional groups at available absorption

sites for the highly neutralized PM polymers leads to a decrease in the

r magnitude of the dispersion and wettability forces on the complex film
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surfaces by PU resin, thereby decreasing the interfacial adhesive bonds.

* A high N.W. PAA, which is comprised of long chain units, will act to sup-

i press the extent of the coil-up and entanglement of molecules. A lesser

alteration of the chain conformation will result in a regularly oriented

configuration of PAA polymer containing a plentiful number of functionalj groups, therefore, resulting in an increase in mobility of PU resin at the

interfacial regions.

The theoretical explanation given above was tested experimentally by

measurements of the interfacial contact angles at the PU resin-complex

I precoat boundary. The Zn-complexed PAA salt formations which are yielded

at the outermost surfkce sites of the crystal precoat layers were made by

overlaying 3Z PAA-modified zinc pbosphating solutions. The N.V. of the

PAA was varied from 5 x lO3 to 2.5 x 105. The overlaid samples were then

heated in a vacuum oven at 1100C to solidify the complex salt films. The

"contact angles were determined within 30 sec after deposition of uniniti-

ated liquid PU resin on the complex film surfaces, and -; results are

given in Table 8. The data indicated that small decreases in the contact

angle occurred as the M.W. was increased. Since a lower angle corresponds

to an increase in the maguitude of the wetting forces, the wettability of

the complex film surfaces by PU resin appears to be enhanced by incorpo-

rating a higher N.V. PAA. The facile resin mobility at the interfacial

areas is developed from the nature of primary covalent bond mechanisms.

When a topcoating resin is brought into contact with the oriented high-

14.W. PAA overlayer, the resin is mobile enough to migrate to the function-

al group sites on the layer where conditions for the formation of covalent

bonds by chemisorption are particularly favorable. This formation of

polymer-polymer covalent bonds, which is primarily responsible for the

molecular orientation, contributes aignificantly to the development of the

interfacial adhesion forces. The use of a low-N.V. PAA produces a gretter

b amount of coiled-up molecules, which are most likely to result in the for-

mation of a weak boundary layer which gives poor adhesion at the inter-

faces. Therefore, controlling the extent of entanglement is one of the

important factors in promoting mobility of the resins.
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TABLE 8

Contact Angle of Various PAA-Modified Complex Film Surfaces by PU Resin

PAA molecular Contact angles,
weight degree

5,000 59.7

50,000 55.8

100,000 53.1

150,000 51.5

250,000 50.7
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The adhesion aspects of glassy rigid-type FA polymer topcoats to com-

plex precoat systems were studied by performance of lap shear tensile

strength tests. As seen in Table 7, the effect of the PAA concentration

on the bond strength of the FR polymer is similar to that on the PU.

Namely, the bond strength increases upon the addition of PAA up to a 3%

concentration. The strength of 1130 psi (7.79 HPa) at 3% concentration

was "40% higher than that of the control specimens. At a 4% concentra-

tion, the strength declines to 950 psi (6.55 MPa).

H. Elastic Behavior of Polymer-Overlaid r.ecoat Layers

Tests were performed to obtain stress-strain diagrams for the top-

coat-precoat composite layers. In this work, -1.5-mm-thick PU and FR

polymer topcoat systems were placed on complex prscoat surfaces which were

modified with 3% PAA having a N.W. of 1 x 106. Differences between the

flexural modulus computed from the stress-strain relation were then used

in an attempt to relate the stiffness of the precoat layer with the me-

chanical behavior of the topcoats. Typical stress-strain diagrams and the

computed flexural modulus for these specimens are shown in Figure 52.

These interesting results indicated that the flexural modulus of the

PU-topcoated composite layer specimens is 10.31 x 106 psi (7.10 x l04

HPa), corresponding to an improvement of -20% over that of the specimens

without the topcoating. In contrast, the modulus for FR-coated composite

specimens was -12% less than that of the control. Further, the yield

stress of the precoat specimens was improved -10% by overlaying with PU

polymer, whereas a stress reduction of "-16% was noted for Fl-overlapped

layers. The features and mode of the fracture-inLtiating cracks at the

yield stress for the untopcoated and FR- and PU-topcoated composite

surfaces were investigated using SEN. These fractographs are given in

Figures 53 to 55. For the untopcoated precoat surfaces, it Is of con-

siderable interest to determine the mode of fracture and whether cracking

occurs through or around the coarse crystal. Arrows on the figures, as

seen in Figure 53, signify the direction of crack growth in a bent speci-

men surface. As expected, it was confirmed from the diverging crack

pattern that the microcrack propagation is diverted around a bulky
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coarse crystal rather than passing through it. The width of the micro-

crack, which is very difficult to identify, was -4 um. The small size of '.,

the flaw produced at the yield stress suggests that the complex precoat -.

layers possess a high degree of flexibility and stiffness. C',

When compared to the untopcoated specimens, the fracture origin under

tension of the FR-topcoated specimens was completely different. This is

microscopically discernible in the fractograph shown in Figure 53 and

Figure 54(a), respectively. A linear cracking pattsrn, resulting in

failure of the glassy FR polymer, is apparent in the topcoated specimen.

Figure 54(b) shows the crack initiation area of the FR polymer overlayer

at a higher magnification. As is evident from the micrograph, the failed

section exhibits a relatively smooth fac,. Thus, the fracture of the

brittle FR topcoat was probably due to poor plastic deformation in connec-

tion with a rapid progression of crack growth. The size of the flaw was

determined from the SEM fracture micrographs to be -30 pm, more than seven

times larger than that in the failed precoat layer without the topcoat

sys tem..
L,

In contrast, no signs of cracking were detected for the composite

layer surface containing the elastomeric PU topcoat (see Figure 55).

These results apparently verify that the FR glass topcoat, characterized

by its high elastic modulus, extremely low elongation, and good bond

strength, acts to promote crack propagation at the interfacial regions.

Although some nonlinear stress distribution is observed p- *or to the de-

formation failure, the fracture of FR-precoat composition syst.LJs occurs

almost immediacely following the formation of a visible tensile crack.

The initial cracking of this composite occurs through the FR rolymer-pre-

coat stress, whe.eby load is transferred from the brittle FR to the duc-

tile crystal layers. For the PU superposition, it was microscopically

observed that growth of the interfacially generated initial crack is moreL

likely to be associated with the crystalline precoat sites than with the

PU polymer sites. The most significant effect of the use of the high ten- ".

sile and elongation and low modulus PU topcoat is, therefore, to delay and

control of the onset of tensile cracking of the precoat layers. The F

Interfacial bond failure occurs after the precoat layer reaches its yield
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point. Thus, the crack-arresting properties of slastomeric topcoats are

found to play the major role in improving the mechanical behavior of the

precoat layer during Interfacial failure processes.

"On the other hand, the effect of the edhesife bonds at the topcoat/

precoat interfaces on the elastic behavior of the composite layers cannot

be fully ascertained from the experimental data. To gain additional in-

"* formation, precoat surfaces were exposed to a 100% relative humidity

"(R.H.) atmosphere at 24 0 C for up to 10 days before application of initLat-

*" ad PU and FR resins. The presence of any moisture on the substrate sur-

faces would result in a decrease in bonding force with these adhesives.

* "The humidity also reduced the curing rate of the polymertc topcoat In the

"" vicinity of the wetted precoat surfaces. This reduced polymerization rate

. relates directly to a decrease in elastic modulus of topcoating materials.

Curves showing the flexural modulus for PU- and FR-topcoated compos-

it. layers prepared after exposure of the precoat surfaces to 100% R.H.

for various periods of time are shown in Figure 56. These data suggest

that the presence of a certain amount of moisture on the precoat surfaces

*! way iucrease the flexural modulus of the composite layers. Surfaces over-

laid with PU after 24-hr exposure to 100% R.H,1 exhibited the maximum modu-

Slus of 125 x l05 psi (86.13 x l03 MPa). This corresponds to an improve-

ment of -20% over that of the unexposed surfaces. Extending the exposure

time for up to 10 days resulted In a modulus veduction, but the value was

*• still higher than that from the dry surface. For the FR-topcoated sys-

.. tens, the data indicate that the modulus increased with exposure times up

to -5 days to an ultimate modulus of -100 x 105 psi (68.90 x 103 HPa).

Beyond that time, the modulus declined to a value of -91 x 105 psi (62.70

: x 103 Mpg) after 10 days of exposure. From the above findings, it can be

concluded that when the resins in the curing propagations are coutiguous

to moisture, their polymerization rate is suppressed by the humidity ex-

Sisting on the substrate surfaces. This suppression of polymerization acts

"to produce a rubbery polymer possessing a low elastic modulus and high

-.- elongation properties. Thus, even thougb the interfacial bonding forces

are actually reduced by the presence of surface moisture, the decreased

".' modulus of the polymer topcoat at the interface contributes to an increase
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in the flexural modulus of the crystalline precoast layers. This enhances

the stiffness of the composite layers. The results further suggest that

the Interfacial stress transfer is of major importance in the topcoat-pre-

coat composite systems. for Instance, the enhanced brittleness at the in-

terface, wben a glassy PR topcoat is used, tends to result in a more rapid

decrease in the interfacial stress transfer because of au Increased rate

of compaction. The increased flexural modulus of the composite layers

containing moisture at the interface Is associated with an increase in

interfacial stress transfer which is due to the absorption of a certain

amount of energy by the rubbery topcoat prior to the Initial cracking of

the precoat layers. Accordingly, the interfacial adhesive bonds were

found to have a lesser effect on the crack-arresting behavior and stiff-

* usess characteristics of the composite layers.

1. Conclusions

Crystalline Zu*Ph conversion coatings deposited on carbon steel

* substrates by immersing the metals In nongassing phosphating solutions are

generally thick (-120 prn) and are comprised of relatively coarse crystals.

- ~These crystal formations which consiist of a pronounced dendritic micro-

* structure result in a high coating weight which is economically undesir-

* able. Although well-crys tall ized conversion coatings play a role in the

* development of strong mechanical Interlocking bonds with polymeric top-

* coating systems, the deposition of a thick layer of coarse crystals re-

* sulted in the formation of brittle coatings which failed upon flexing.

In particular, the dimensions and coating weight of the conventional

conversion crystals dicrease dramatically %ith Increasing PMA concentra-

* tions. It is speculated that this grain-refining action of PMA Is due to

* the following mechanism. When the polyacid is introduced into the zinc

-. -. phosphating liquid, the active nudleophilc divalent zinc cations dissoci-

* ate from the zinc orthophosphate dihydrate in an aqueous solution. These

* ~may produce reversible salt complex foriuttions with fuuctional carboxylic

* -. acid (COOH) pendent groups in the PMA molecular structure. The complexes

appear to. act as a miniature ion-exchange system. The formed complex

- structure may also play a key role in restraining the conversion crystal
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growth, thereby resulting in a uniform dense coating of fine crystal size

and low coating weight. The microstructure of the PAA-modified Zn.Ph

layers was confirmed to be a composite formation consisting of a thin PAA

macromolecule overlaying continuously on a uniform array of fine dense

crystals.

STo study the interfacial Interaction mechanisms between the PAA poly-

"mer and the Zn*Ph crystal layers, elemental analyses of the composite

surfaces and subsurfaces were conducted by means of the highly sensitive

analysis techniques such as XPS and EDX. These results suggested that the

interaction at the interfaces is most likely chemical. The chemical Li-

teractLon is initiated by charge transfer reaction mechanisms in which the

proton-donatinLg functional COOK groups in PAA are strongly chemisorbed to

the Zn atom at the outermost surface sites of tho crystal layers. The

carboxylic anions converted from the COOH groups are terminatively trans-

"formed into unique bridge formations through a cross-linking reaction with

Zn. Thus, the chemical effect of Zn atoms in the hypothetical interaction

model was presumed to be intermolecular bridging, acting to connect be-

tween the PAA and the crystal phases. The deposition products of the PAA-

"complexed Zn-Ph crystal were identified to be the assemblage structure

of hybrid phases zonsisting of the tertiary zinc orthophosphate dihydi~ate

as the aajor product and some unidentified phosphate compounds as the

minor ones. The assemblage of this fine crystal further suggested that

the PAA significantly acts to reduce the degree of crystallinity of the

Zn.Ph compounds, resulting in the production of finely crystallized

coating layers.

On the other hand, the plasticized complex coating layer plays an

"essential role in Increasing the stiffness and the ductility of the con-

"ventional crystal layers. The flexural modulus of 3% PAA-complexed crys-

tAl layers was more than two times greater than that of the conventional

crystal layer without PAA. The physico-chemical factors governing the

"mechanical behavior of the conversion complex crystal layers depended

-143-



//

primarily upon the thickness, fineness, and density of the layers, and the

average M.W. of the PM. With a high M.W. of I x 105, the most effective

complex crystal formations and dimensions for achieving the ultimate

flexural modulus were a uniform array of fine dense crystals -5 "m thick

and -60 to 200 us in length. The ductile complex crystal layer and sur-

face not only provide a corrosion barrier on the substrates, but also pos-

sess the ability to promote adhesive bonds with polymeric topcoat systems

because of the thin complex PAA polymer existing at the outermost surface

sites of the crystal layers. The increase in adherent forces of the com-

plex PAA overlayers results in a lower magnitude in the degree of coil-up

and entanglement of the macromolecules brought about by the complex reac-

tion between the proton-donating PAA polymer and the nucleophilic Zn2+

ions released from the Zn 3 (P0 4 ).2H20 in a low pH aqueous medium. The

use of high M.V. and an adequate amount of PAA contributes to a reduced

alternation of chain conformation and the presence of a large number of

functional COOH groups, thereby enhancing the magnitude of wettability of

the complex precoat surfaces by the resins.

The mechanical characteristics of the polymeric topcoating in the

topcoat-precoat composite layers play a key role in improving the stiff-

ness, the post-cracking ductflity, and the flexural crack-arresting pro-

perties of the precoat layers. The improvement of these characteristics

is more likely to be associated with a low elastic modulus, high tensile

strength, and extremely high elongation properties of the topcoats, rather

"than the interfacial adhesive bonds. In fact, the flexural modulus for

the elastomeric polyurethane-superposed composite layers was -36Z higher

than that for the glassy furan polymer composite layers. Furthermore, no

cracking of the polyurethane surfaces was detected microscopically at the

yield stress of bent composite layers. This suggests that the interfacial

bond failure occurs after the precoat layer reaches its yield point. In

contrast, the initial cracking of the brittle furan polymer composite lay-

ers occurred through the polymer-precoat stress, whereby a load was trans-

fered from the brittle polymer to the ductile layers.
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V. DISCUSSION AND CONCLUSIONS

Generally, organic polymers containing functional groups such as

amines, esters, and acetals, in which any two atoms selected from N, 0,

and S are joined to the same carbon atom, are very susceptible to hydroly-

"&is, particularly under hydrothermal conditions. When polymers having

these functional groups in either their main chains or in pendent sites of

macromolecules, were applied as protective coatings on metal surfaces, the

hydrothermal disintegration of the polymers lead to disbondaent of the

coatings from the substrate surfaces. This failure was associated with

the following four factors, (1) high segmental mobility of chains, (2) low

thermal relaxation, (3) increased hydrophilic groups, and (4) low dynamic

mechanical properties. It was found that the degradation of the polymers

can be suppressed by the inclusion of calcined reactive fillers. The in-

"clusion of a hydraulic calcium silicate (CaO.SiO2 ) reactive filler

having a CaO/SiO2 mol ratio of 0.68, resulted in the production of crys-

talline inorganic macromolecules and dissociation of the divalent metallic

ions from the filler surfaces in the hot aqueous media. In CaO.SiO2

"additive-filled polymethylmethacrylate (PMMA) composite systems, the

hydrothermal interactions at the polymer-filler interfaces can be inter-

preted as follows: the cation-acceptable functional groups formed by

hydrolysis of PMMA electrostatically reacts with the electropositive

metallic ions migrated from the CaO.SiO2 surfaces. This reaction leads

"to the formation of chemically stable ionomer structures. Simultaneously,

the mixed inorganic macromolecules of amorphous and crystalline CaO-SLO2 -

H2 0 macromolecular-ionomer complex was identified as being formed in the

superficial layers of the PMMA composite during exposure in an autoclave

at a temperature up to 2000C. This superficially formed complex acts as a

self-healing protective layer which is directly related to the molecular

~ structure that has polymer chains with low segmental mobility, thereby im-

proving the mechanical strength and thermal stability. It was also deter-

mined that these complex films have a relatively low surface free energy,

low surface roughness, and low water permeability.
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When organic polymer materials are applied as a protective coating to

steel substrate surfaces, the surface preparation of the substrate prior

to application of the polymer coating, is very Important in achieving good

bonding. In this regard, crystalline Zn-Ph preparations are often used

commercially as a means for improving the corrosion resistance and paint

i adherence properties of ferrous and sinciferrous, (especially galvanized)

metal surfaces. With cold-rolled steel plates, this preparation, express-

ed In terms of a conversion crystal precoating, can be accomplished by

immersing steel plates in a BNL-developed zinc phosphating formulation

consisting of zinc orthophosphate dihydrate, [Zn3 (P0 4 )-2H 2 01, phosphoric

acid, (H3 P0 4 ), and water.

For the surface preparation of high carbon-containing steel, the use

of conventional ZnO-H 3 PO4 -H 2 0 systems commonly results in the production

of a porous zinc phosphate conversion layer. 5 0 ,5 1 In contrast, the use

of the BNL-developed Zn 3 (P0 4 ) 2.2H 2 0-H 3 PO4 -H 2 0 system on the same steel

produces a high quality, insoluble conversion crystal precoat. The topog-

raphical feature& of the well-crystallized precoat surfaces were charac-

terized by the formation of a thick layer of highly dense interlocking

rectangular crystals having an open surface structure. This typical crys-

tal structure was found to be a primary factor In the degree of bonding of

paint and resin coatings to steel substrates. Increased mechanical an-

choring is obtained when the liquid resins can penetrate into the open

surface microstructure and microfissures of the deposited precoat layers.

Chemical treatments can be used, not only to increase the roughness

of the substrate, but also to modify the chemical composition. The latter

is an important factor affecting the degree of chemical affinity for poly-

meric adhesives. In the study of interaction mechanisms at the functional

polymer-zinc phosphate crystal interfaces, it was identified that the

crystallized H2 0 molecules existing at the outermost surface sites of the

conversion precoats, play essential roles in wetting and spreading by the

"liquid resins which have functional carboxylate and carboxylic acid groups

located in either their main chains or the pendent side of macromolecules.

The most possible intermolecular reaction was considered to be due to the
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formation of hydrogen bonds, COO---H 2 0, between the carboxylat. groups

and the water molecules of hydration at the crystal surface sites.

Alternative interfacial attraction was rationalized to be associated with

the acLd-base and charge transfer interaction mechanisms, namely, the

proton-douatLng carboxylic acid groups chemisorbed strongly with the polar

OH groups at hydrated crystal surfaces. The carboxylLc anions formed by

the chemLsorption induce strong ionic bonding as a result of those inter-

action machanisms. A large crystal surface area, corresponding to the

presence of a plentiful supply of polar groups on the outermost surface

sites, was more strongly chemisorbed by the functional polymers than were

those with lesser surface areas. Otherwise, the preferred macromolecule

orientations in the polymer layer contribute significantly to the develop-

ment of the interfacial bond strength, whereas the conformation change

caused by the free-ion-complexed molecular structure, resulting in coiled-

up macromolecules, is likely to result in a decrease in interfacial

bonding forces.

As described above, the intrinsic adhesion nature at the functional

polymer/zinc phosphate Joints was attributed primarily to mechanical in-

terlocking, and secondarily, to the presence of a weak chemical bond such

as hydrogen bond and acid/base interactions. However, tW: most ideal

interaction mechanism to provide a strong adhesion force and a highly

stable interphase region corresponds to a primary covalent chemical bond

associated with a high dissociation energy of 50-200 kcal/mole. On the

other hand, although thick zinc phosphate precoats appear to be suitable

as corrosion inhibitors for the substrates, the fragile characteristics of

these bulky crystal structures lead to failure during flexure or other

deformation of the substrate. Deformation failures of layers, having low

stiffness characteristics, appear to be directly related to the' develop-

ment of micropores and fissures which reduce the effectiveness of the

corrosLon-resistant coatings.

The results from considerable efforts to solve these problems, have

shown that the introduction of an appropriate amount of polyelectrolyte

macromolecules, used as a controllable admixture for crystal growth,
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significantly improves both the Interfacial adhesion forces to the poly-

meric topcoat and the stiffness and ductility of brittle conversion lay-

ers. The physico-chemical factors governing the mechanical behavior of

the organic macromolecule-treated zinc phosphate complex layers depend

primarily upon the thickness, fineness, density of the layers, and the

average molecular weight (N.V.) of the macromolecules. In order to modify

the crystal layers by the use of polyacrylic acid (PAA) macromolecules

from among the various polyelectrolyte species, it was found that the

polyelectrolyte with a high N.W. of I x lO5 results in the most effective

PAA-complexed zinc phosphate crystal formation and dimensions for achiev-

ing the ultimate flexural mcJulus. The ductile precoat layer and surface,

not only provide a corrosion barrier on the substrates, but also possess

the ability to promote adhesive bonds with polymeric topcoat systems. The

latter was due to the presence of a thin functional PAA polymer film at

the outermost surface sites of the precoat layers. Therefore, it was ap-

parent that the highly stable nature of the Literphase region is caused by

direct chemical bonding between the polymer topcoat and PAA.

The mechanical characteristics of the polymeric topcoating in t"a

topcoat-prtecoat composite layers play a key role in Improving the st. *f-

ness, the post-cracking ductility, and the flexural crack-arrestLng pro-

perties of the precoat layers. The Improvement of these characteristics

is more likely to be associated with a low elastic modulus, high tensile

strength, and extremely high elongation properties of the topcoats, rather

than the interfacial adhesive bonds.
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